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The tenn "supramolecular chemistry" was defined by Lehn as "chemistry beyond the 
molecule", the aggregation of molecular or ionic entities to yield extensive arrays.1 
Supramolecular chemistry is essentially the designed chemistry of the intennolecular 
bond, encircling the traditionally distinct disciplines of organic, inorganic and 
physical chemistry.2 
Metal-organic frameworks have been shown to facilitate selective gas sorption and 
selective binding of guest solvent molecules, with notable examples from the work of 
Yaghi et al. created from the coordination of benzenepolycarboxylates to metal 
centres.J Authors including Herbstein have investigated the inclusion of solvent 
molecules in the solid state structure of trimesic acid, preventing the interpenetration 
of this compound.4 Here, novel solvent inclusion compounds of hemimellitic acid, 
the 1,2,3-trisubstituted relative of trimesic acid, are presented in which the hydrogen 
bonded host network fonns cavities in which solvent molecules reside. Metal salts of 
hemimellitic acid consistently produce coordination-hydrogen bonding hybrid arrays 
in which the hydrophilic regions of the deprotonated molecule and the hydrated metal 
counterions are surrounded by the hydrophobic aromatic rings. 
Organometallic complexes utilising ruthenium-r/-arene centres are known for their 
catalytic and electrochemical properties.s There are limited examples of the use of the 
ruthenium(rl-arene) fragment in supramolecular organometallic chemistry,6 and here 
a series of novel neutral Ru(rl-p-cymene)(pyridinecarboxylate)(halide) and cationic 
[Ru( rl-p-cymene)(pyridinecarboxylate)(monodentate ligand)f complexes have been 
synthesised bearing pendant functional groups with hydrogen bonding potential. The 
creation of supramolecular arrays, particularly polymeric structures, may be useful as 
this leads to the linking together of potentially electrochemically-active metal centres 
in the solid state. In all cases, the hydrogen bonding arrays which result have been 
analysed using graph set analysis. 7 
1 J. W. Steed and J. L. Alwood; Supramolecular Chemistry: A concise introduction, Wiley, 2000,2. 
2 G. R. Desiraju., J. Mol. Slrucl., 1996,374,191-198. 
10. M. Yaghi, H. L. Lit C. Davis, D. Richardson and T. L. Groy, Ace. Chem. Res., 1998,31,474-484. 
<f F. H. Herbstein; Top. CurT. Chem. t 1987. 140, 107-139 . 
.s H. Le Bozec, D. Touchard and P. H. Dixneuf, Adv. Organomet. Chem. t 1989,29, 163-247. 
6 I. Haiduc and F. T. Edelmann, Supramo/ecuiar OrganomelOllic Chemistry, WHey-VCH. Weinheim, 1999. 
71. Bemstein, R. E. Davis, L. Shimoni and N.-L. Chang, Angew. Chem. t 1nl. Ed Engl., 1995,34, 1555-1573. 
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[HxHMA J<3-x)-
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IR 
Me 
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x-Aminopyridine 
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Aromatic 
4,4' -Bipyridine 
n-Butyl 
t-Butyl 
Cyclopentadienyl 
Pentamethylcyclopentadienyl 
Cambridge Structural Database 
Dichloromethane 
N ,N-dimethylformamide 
Dimethylsulfoxide 
Equivalents 
Ethyl 
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Pyridine-x-carboxylic acid 
Pyridine-x-carboxylate 
Pyridine-x,y-dicarboxylic acid 
n-carboxy-pyridine-2-carboxylate 
Infrared 
Methyl 
n-methoxycarbonyl-pyridine-2-carboxylate 
Metal-organic framework 
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Ph 
Pr" 
py 
rt 
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Nuclear Magnetic Resonance 
Phenyl 
i-Propyl 
n-Propyl 
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Standard uncertainty 
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Doublet 
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Distortionless Enhancement by Polarization Transfer 
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Chapter I 
1. Introduction 
This chapter will introduce the mam themes of this thesis - the concepts of 
supramolecular chemistry, crystal engineering, hydrogen bonding and graph set 
analysis. The final section describes a typical X-ray experiment used to determine the 
structures of the compounds presented in this thesis. Specific introductions for the 
chemistry in this thesis are included at the start of each chapter. 
1.1. Supramolecular Chemistry 
The term "supramolecular chemistry" was defined by Lehn as "chemistry beyond the 
molecule", the aggregation of molecular or ionic entities to yield extensive arrays.l-4 
Supramolecular chemistry is essentially the designed chemistry of the intermolecular 
bond,s encircling the traditionally distinct disciplines of organic, inorganic and 
organometallic chemistry. "Self-assembly" of molecular (or otherwise) components 
causes the spontaneous formation of organised structures, self-assembly being driven 
by molecular recognition between two or more subunits.6,7 Biological examples of 
self-assembly include the DNA double helix in which two strands of DNA are held 
closely by Watson-Crick hydrogen bond interactions,8 and also the formation of the 
quaternary structures of proteins, e.g. in the synthesis of viral components.9 Molecular 
recognition is made possible by the complementarity of the subunits, often through 
the utilisation of the geometric and chemical features of the molecular fragments. 10 
Supramolecular chemistry involves the association of molecular units into either:-
• Supermolecules - well-defined, discrete, oligomeric species resulting from the 
intermolecular association of a few components; or 
• Supramolecular arrays (assemblies) - polymolecular entities that result from 
the spontaneous association of a large, undefined number of components. 2 
8 
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Supramolecular, noncovalent bonding interactions include:-
• Ion-ion interactions (100-350 kJmor') 
• Ion-dipole interactions (50-200 kJmor') 
• Dipole-dipole interactions (5-50 kJmor l ) 
• Hydrogen bonding (4-120 kJmor') 
• 1t-1t stacking (0-50 kJmor') 
• Van der Waals forces « 5 kJmor') 
As a result of its relative strengtb and directionality, and its importance in biological 
examples of self-assembly, hydrogen bonding has been described as the "masterkey 
interaction in supramolecular chemistry".11 
1.2. Hydrogen Bonding 
Hydrogen bonding is a donor-acceptor interaction, specifically involving hydrogen 
12 Th . . 12·14 C h d b d atoms. e necessary cntena lor a y rogen on are:-
• The hydrogen bond donor (D-H) - relatively polarised bonds, where D 
includes 0, N, F or C, and 
• The hydrogen bond acceptor (A) - nonnally having a basic lone pair or having 
polarisable 1t electrons; negatively charged acceptors are also common. 
The hydrogen bond is symbolised in the rest of this work as D-H"A, where the 
distance D-H is smaller than the distance H"·A. The net effect in the D-H"A system 
is a weakening and lengthening in the D-H bond. The strength of hydrogen bonding 
interactions is greater than for van der Waals interactions, but considerably weaker 
than for covalent bonding.14 Categorisation of the strengtb of hydrogen bonding is 
itself ambiguous, with many sources having overlapping and contradictory 
categories. IO,12 The categories adopted by Desiraju, and Steed and Atwood, shown in 
Table 1.1, will be used for the remainder of this work.H,IS 
9 
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Table 1.1. Comparison of hydrogen bonds of different strengths.ll •ls 
Very strong Strong Weak 
D"'A/A 2.2-2.5 2.5-3.2 3.2-4.0 
Bond angles I 0 175-180 130-180 90-180 
Bond energy I kJ mor l 60-120 16-60 <12 
Examples [FHFr O-H"O=C C-HOIN 
[N""HNf O-H"O-H OIN-H"n 
Controversy has surrounded C-H"O interactions since the 1960s when Donohue 
denied their existence. 16 Work by Taylor and Kennard and, more recently, by Desiraju 
has concluded that C-H"O contacts are electrostatic in nature and that they occur 
within certain distance and angle ranges. Acidic C-H groups in alkenes, alkynes, 
aldehydes and haloalkanes are capable of interacting with oxygen atoms, forming 
weak (4-8 kJmorl) interactions, longer in length than the conventional "strong" 
hydrogen bonding interactions. The distance x (Figure 1.1) lies in the range 3.0-4.0 
A;6,17 in excess of the narrow range of values clustered around 2.75 and 2.85 A for 
0"'0 and N'''O distances respectively. 
C-H 
C:" d e " , 
, 
, 
, 
, 
O-C 
Figure 1.1. Geometric parameters for the C-H'''O interaction. 
Due to their inherent weakness, C-H"O interactions can be distorted by other crystal 
forces, creating Bangles of90-1800, with a clustering in the range 150-160°. 
C-H"O interactions are electrostatic and so are effective at longer distances Vi 
dependence) than those at which dispersion forces (r -<i dependence) are important. It is 
considered that C-H"O interactions may have an orienting effect on molecules before 
10 
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the influence of van der Waals forces is experienced, helping detennine the packing 
of hydrocarbon residues in the crystal,16 especially where stronger hydrogen bonding 
is absent. 17 Hence· those interactions towards the upper limits still have to be 
considered seriously as being structurally significant. 
The weakest of the interactions commonly thought of as hydrogen bonds involve ,,-
acceptors. For example, D-H donor groups can hydrogen bond to the 7Z"-system of a 
phenyl ring. D-R·· 7Z" interactions follow a similar pattern in strength to their stronger 
relatives, with the hydrogen bond being weaker when D = N compared to D = 0, and 
considerably weaker still when D = C. 
1.2.1. The Study of Hydrogen Bonding 
The effects of strong hydrogen bonding can be detected by spectroscopic methods. 
For example, a weakening in the D-H bond or in the bond to the acceptor group/atom 
is often evident in infrared analysis and NMR spectroscopy.14 The effects of weaker 
hydrogen bonds, however, are not generally detected as easily. IS The use of single 
crystal X-ray diffraction is widespread, with improvements in diffiactometer and 
computing facilities increasing the throughput of structures. As X-rays interact with . 
the electrons in a structure, the placing of electron-poor hydrogen atoms within 
structures containing heavy, electron-rich atoms can be more of a challenge, yet the 
donor atom-acceptor atom distance is still accurately found. Where the accurate 
positioning of hydrogen atoms is needed, neutron diffraction can be used. Here the 
neutrons interact with the nuclei of the system, allowing the hydrogen atoms to be 
accurately located. 
1.2.2. Supramolecular Synthons and Crystal Engineering 
The combination of hydrogen bonding interactions using a "designed placement of 
functional groups"IO,18 generates supramolecular synthons, some of the many 
examples are shown in Figure 1.2. Supramolecular synthons allow molecular 
recognition to occur, the chemical nature and geometrical placement of the functional 
11 
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groups in the two or more molecular fragments producing intermolecular interactions 
which result in the assembly (self-assembly) of supermolecules and supramolecular 
arrays. 
\ 
N-H---Q 
~ }--~ 
]N---H-N K }-~ 
N-H---Q 
Q---H-Q R-{ t-R 
Q-H---Q 
I 
Figure 1.2. Examples of supramolecular synthons. 
Desiraju defines crystal engineering as:-
H •• the understanding oJ intermolecular interactions in the context oJ crystal packing 
and in the utilisation oJ such understanding in the design oJ new solids with desired 
physical and chemical properties ..... the supramolecular equivalent oJ organic 
synthesis .. .. 5 
In theory, precursor molecules are identified, in a manner analogous to retrosynthesis 
in organic chemistry!9 by working backwards from the desired network with the 
appropriate supramolecular synthons, each made up of a combination of 
intermolecular interactions. Some authors consider that crystal engineering is not yet 
at the stage where crystal structures are entirely predictable,19-21 with pr~gress needed 
in the areas of target identification, synthetic methodology and synthetic strategy. 
However, the crystal is still highly regarded as the "supermolecule par excellence". 19 
Crystal engineering concentrates on the use of molecules or ions with 
exofunctionality that are capable of forming one-dimensional, two-dimensional or 
three-dimensional networks. The "node and spacer" approach (Figure 1.3), developed 
from "point" topologies defined by Wells,22 has had much success in the production 
of predictable network architectures, often with metal moieties acting as the node, 
linked by linear "spacer" ligands.2o The use of angular nodal units (for example, metal 
moieties carrying bulky ligands) can also lead to the production of discrete 
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polygons,23 and ultimately polyhedra24 upon further linkage of polygons, as well as a 
wide variety of extended networks.22 
Figure 1.3. Schematic of node and spacer approach to crystal engineering. 
1.3. The Use of Benzene- and Pyridinepolycarboxylic Acids in Supramolecular 
Chemistry 
Organic compounds displaying exodentate functionality are often utilised as the nodes 
within networks.22 The twelve benzenepolycarboxylic acids (Figure 1.4) and the nine 
pyridinepolycarboxylic acids (Figure 1.5) display such functionality in the form of 
their carboxylic acid groups, and the variety of angles between these groups could be 
utilised in the production of networks. 
Benzenepolycarboxylic acids are used extensively in the synthesis of organic 
hydrogen bonded supramolecular arrays (see Chapter 2 for examples and further 
discussion) and in metal-organic supramolecular arrays (see Chapter 3 for examples 
and further discussion). 
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Q 
CO,H 
Terephthalic acid 
Benzene-l,4-dicarboxy I ic 
acid 
H,TA 
CO,H Trimesic acid 
Benzene-l,3,5-tricarboxylic acid 
Trimellitic acid 
Benzene-l,2,4-tricarboxylic acid 
CO,H 
~CO'H )lA 
HO,C CO,H 
Prehnitic acid 
H3™A 
CO,H 
~CO'H 
HO,C~ 
CO,H 
PyromeJlitic acid 
Benzene-l,2,4,5-tetracarboxylic 
acid 
Benzene-l,2,3,5-tetracarboxylic acid 
H.PMA 
Co,H 
HO,C*CO,H "~q:: 
CO,H 
Benzene-l,2,3,4,5-pentacarboxylic acid 
1# 
HO,C O,H 
CO,H 
Mellilic acid 
Benzene-l,2,3,4,5,6-hexacarboxylic acid 
H.MA 
Figure 1.4. The range of benzenepolycarboxylic acids available and the 
abbreviations used in this thesis. 
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cx:N CO,H I "" AI' O,H 
Quinolinjc acid 
Pyridinc-2,3-dicarboxylic acid 
2,3-H,pydca 
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AI' 
Dipicolonic acid 
Pyridine-2,6-dicarboxylic acid 
2,6-H,pydca 
N f-~ 
~CO'H 
Nicotinic acid 
Pyridine-3-carboxylic acid 
3-Hpyca 
YN CO,H I "" AI' 
CO,H 
Lutidinic acid 
Pyridine-2,4-dicarboxylic acid 
2,4-H,pydca 
N V HO,C AI' CO,H 
Dinicolin;c acid 
Pyridine-3,S-dicarboxylic acid 
3,S-H,pydca 
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Q 
CO,H 
Isonicotinic acid 
Pyridinc-4-carboxylic acid 
4-Hpyca 
O'N CO,H I '" HO,C AI' 
Isocinchomeronic acid 
Pyridine-2,5-dicarboxylic 
acid 
2,S-H,pydca 
(~ 
~CO'H 
CO,H 
Cinchomeronic acid 
Pyridine-3,4-dicarboxylic 
acid 
3,4-H,pydca 
Figure 1.5. The range of pyridinecarboxylic acids and pyridinedicarboxylic acids 
available and the abbreviations used in this thesis. 
The pyridinepolycarboxylic acids present the nitrogen atom for metal-coordination, 
and this can combine with an acid group at the ortho position to give metal-chelation. 
Pyridinepolycarboxylic acids are used extensively in the creation of coordination 
polymers25-28 and also in hydrogen bonded-coordination hybrid networks28-34 (see 
Chapter 4 for further discussion). 
1.4. Graph Set Analysis 
Carboxylic acid groups are known to pack in the solid state in either the cyclic 
hydrogen bonded head-to-tail dimer motif or in the less common catemer or chain 
motif (Figure 1.6).13,14,34-39 
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O--H-Q 
R---{_H __ t-R R A ---0 O-H---O O-H--Y 
R 
(a) (b) 
Figure 1.6. (a) Ring dimer and (b) catemer motifs formed by carboxylic acids. 
Etter and co-workers have constructed a set of rules for the assignment of 
nomenclature to hydrogen bond patterns displayed in the solid state.J6,37,39 Without 
these, much confusion can result, with authors utilising their own nomenclature. The 
rules, an application of graph theory, are termed "graph set analysis" and the graph 
sets assigned to the hydrogen bond patterns take the form:-
where G = pattern designator 
r = degree 
a = number of acceptors 
d = number of donors 
The pattern designator can take the assignments S, C, R and D:-
• S denotes an intramolecular bond 
• C denotes an infinite chain 
• R denotes rings 
• D denotes non-cyclic dimers and other finite hydrogen-bonded sets. 
The degree of the pattern, r, is either the number of atoms in the ring or the repeat 
length of the chain, traversing the shortest pathway from the hydrogen atom of the 
hydrogen bond to the acceptor atom of the next. 
The work of Etter and co-workers concluded that all good donor and acceptor groups 
tend to be used in hydrogen bonding, and that the strongest donors tend to hydrogen 
bond with the strongest acceptors.36,37,39 
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In the present work, graph set analysis will be used to describe the hydrogen bonding 
patterns significant to the structures, particularly in comparing motifs between 
structures. 
As examples, the two packing modes of carboxylic acids are termed R22(8) and C(4) 
(Figure \.7). 
R A 4 2 
---0 O-H----O 3 O-H---
Y 
O-H-O R-{ }-R 
O-H- -0 
C(4) R 
(a) (b) 
Figure 1.7. Examples of graph set analysis, applied to the packing modes of 
carboxylic acids. (a) The R22(8) ring motif, an eight membered ring with two 
donors and two acceptors; (b) The C(4) chain motif with four atoms in the repeat 
length. 
1.5. The Cambridge Structural Database (CSD) 
The Cambridge Structural Database (hereafter "the CSD") is a crystallographic 
database containing three-dimensional coordinates for approximately 300,000 
structures.40 While not being a store of information on all structuraIly determined 
compounds due to the quantity of unpublished structures and the ongoing imbalance 
in journal publication times compared to structural data collection times, the CSD is, 
however, a source of information useful in the rationalisation of crystal structures, 
particularly the geometry of molecules and of hydrogen bonding motifs. 
The R22(8) carboxylic acid head-to-tail ring motif was highlighted by Alien et al. IS as 
the second most abundant bimolecular hydrogen bonded ring motif in organic crystal 
structures in the CSD, surpassed only by a cyclic amide motif. The carboxylic acid 
R22(8) motif actually has a formation probability of only 33 % and appears in just 32 
% of all the crystal structures containing carboxylic acid functionalities. The low 
prevalence is due to the presence of competing functional groups, e.g. H20 or other 
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solvent molecules, deprotonated carboxylate groups or other molecules in the system. 
When the search was limited to exclude competing N and 0 acceptors and NH and 
(other) OH donors, the probability of the motif forming rose to 86 % while the motif 
appears in 91 % of all the structures in this subset. 
This structural survey of the CSD highlighted the use of the carboxylic acid group as 
a versatile building block in the creation of suprarnolecular arrays incorporating 
solvent molecules or other molecular components (forming co-crystals) as the 
likelihood of the formation of motifs other than R22(8) (i.e. with other functionalities) 
is relatively high. 
1.6. Structure Prediction, Polymorphism and Pseudopolymorphism 
Polymorphism is defined as the ability of a substance to exist in two or more 
crystalline states that can have different conformations and/or arrangements of 
molecules in the crystal lattice?5 Pseudopolymorphism is defined as the ability of a 
compound to be obtained in crystalline forms that differ in the nature or stoichiometry 
of included solvent molecules.41 
Regulatory authorities dictate that the solid form of a drug candidate molecule is fully 
understood.42 Lack of knowledge can lead to delays in the development of the drug, 
and even post-approval issues if the solid form is found to have changed. There are 
numerous, well-documented examples from the pharmaceutical industry in which 
drugs have been withdrawn from the market due to problems with the solid form and 
where rival companies have marketed different polymorphs of the same drug, leading 
to legal action. A full understanding of the solid form of the drug, including its 
polymorphism and its ability to form hydrates and solvates, is imperative to the 
success and marketability of the compound. 
Polymorphism can be considered as both productive and counterproductive to the 
pharmaceutical industry. Solid-liquid separation, comminution, particle flow and 
formulation are all polymorph-dependent, and polymorphism could be exploited in 
order to isolate the structure with the desired properties for a certain formulation. In 
contrast, the isolation of a new polymorph could lead to problems with the patent of 
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the drug, for example the drug Zantac™ was found to be polymorphic and rival 
pharmaceutical companies became embroiled in patent litigation. It has been known 
for old polymorphs to "disappear" when new polymorphs are isolated, and this is 
thought to affect industrial plants as well as the laboratory. Pseudopolymorphism can 
lead to problems as the drying of a solvated compound often leads to a change in the 
crystal structure, providing further compounds in need of full characterisation. 
McCrone suggested that the number of polymorphic forms known for a compound is 
proportional to the time and money spent and the number of experiments carried out 
on the compound.43 Rapid, automated screening programs have been developed for 
comparing powder diffraction patterns to prevent a bottleneck at this stage. 
Undoubtedly, theoretical structure prediction, for example the number ofpolymorphs 
or the possibility of the formation of hydrates and solvates, would greatly increase the 
throughput of the compounds analysed. A recent study has shown that 37 % of the 
compounds analysed have hydrated forms, while 31 % have solvated forms.42 It is 
hoped that the research presented in this thesis may contribute to the ongoing progress 
in structure prediction. 
1.7. General X-ray Experimental 
The experimental which follows is a generalised description of the single crystal X-
ray diffraction technique used at Loughborough University to determine the structures 
within this thesis. Where applicable, exceptions to this general X -ray experimental are 
noted in the experimental sections of each chapter, for example where data have been 
collected using X-ray sources other than the laboratory X-ray source. 
A suitable crystal (typically of dimensions greater than or equal to 0.1 mm), which 
extinguished polarised light, was mounted onto a glass fibre on the goniometer head 
using a drop of inert oil. The goniometer head was transferred to the Broker SMART 
1000 CCD diffractometer, and placed in a pre-cooled N2 gas stream (typically 150 K). 
The crystal was centred in the X-ray beam and a set of 3 runs of 50 frames each 
(typically 5 seconds per frame) was collected using graphite-monochromated Mo-Ka 
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(A. = 0.71073 A) radiation. The reflections from these frames were then indexed 
automatically using the Bruker SMART program44 to give a unit cell and an 
orientation matrix. The unit cell was checked against the data stored in the CSD using 
CrystalWeb45 and against unit cells determined in the laboratory to prevent 
replication. 
A full sphere of data was collected using narrow frames (0.3° steps in liJ), with the 
exposure time dependent on the intensity of the reflections observed in the initial 
frames collected for indexing, typically ranging from 5 seconds per frame to 40 
seconds per frame. The data were integrated using the Bruker SAINT program.46 An 
absorption correction was applied using the SA DABS program47 and a data reduction 
carried out. The program XPREP within the SHELXTL suite of programs48 was used 
to detect any higher, missed symmetry and the space group was determined. The 
structure was solved using the program XS48 using either direct methods or Patterson 
synthesis as appropriate. The structure was refined using the program XL 48 by full-
matrix least-squares methods on F. Non-hydrogen atoms were initially refined 
isotropically, then later anisotropically. Hydrogen atoms, except water hydrogen 
atoms, were placed in geometrically calculated positions, with some OH atoms having 
their coordinates refined freely. Water hydrogen atoms were located in the difference 
Fourier map and refined using restraints on the O-H bond lengths and the H-O-H 
bond angle. Uiso(H) values were set to be 1.2 times Ueq of the carrier atom for aryl 
CH, aldehyde CH, methylene CH and methine CH, and 1.5 times Ueq of the carrier 
atom for OH and CH3. 
The program XP was used to produce graphics. Hydrogen bonds are shown as thin 
dashed lines in the diagrams within this thesis. Thick dashed lines are used to signify 
the ll-bonding of the arene to the ruthenium in Chapters 4 and 5. 
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2. The Organic Supramolecular Chemistry of 8enzenepolycarboxylic Acids: Co-
crystallisation with Solvent Molecules 
2.1. Introduction 
The cyclic hydrogen bonded carboxylic acid ring motif R22(8) (Figure 2.1 ),34,36,37,3') 
while being the second highest observed motif in the Cambridge Structural 
Database,4o has only a 33 % probability of occurrence due to competing water, 
solvent molecules and other functionality in the structure. IS This chapter concentrates 
on the synthesis and characterisation of solvent inclusion compounds of 
benzenepolycarboxylic acids, aiming to contribute to the knowledge base of the 
formation of solvates by compounds containing carboxylic acid groups. The study of 
the inclusion of solvent molecules ID crystal structures containing 
benzenepolycarboxylic acids may help aid the prediction of the solid state solvated 
forms of pharmaceuticals containing carboxylic acid functionality (Figure 2.2). 
O---H-O 
R---< j-R 
O-H- -0 
Figure 2.1. The R22(8) cyclic hydrogen bonded carboxylic acid ring motif. 
F. 5°" 1# 
Flurbiprofen Salicylic acid 
5y 1# 0 
Ibuprofen Aspirin 
Figure 2.2. Structures of selected pharmaceuticals containing carboxylic acid 
groups. 
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2.1.1. Potential Solvents 
A wide variety of solvents (Figure 2.3) are available to the chemist for the dissolution 
and recrystallisation of compounds. In the case of benzenepolycarboxylic acids, those 
solvents of most interest must be capable of hydrogen bonding, containing donor 
and/or acceptor atoms. A recent study, with corrections applied for the different 
usages of solvents in recrystallisation, has found that the greater the number of donor 
and acceptor sites on the solvent molecule, the more likely the solvent is to be 
included in organic crystals.41 Solvents such as N,N-dimethylforrnamide (OMF), 
dimethylsulfoxide (OM SO) and dioxane, while having low usage as recrystallisation 
solvents, have an extremely high probability of inclusion through their ability to bond 
to the substrate via "multi-point recognition" using both strong and weak hydrogen 
bonds. The greatly used recrystallisation solvents ethanol (EtOI'I), ethyl acetate and 
diethyl ether (Et20) have a reduced probability of inclusion through their inability to 
evoke multi-point recognition. 
H20 MeOH EtOH PrOH 
Pr"OH Bu'OH Bu'OH MeCN 
N o 
Figure 2.3. Examples of commonly used recrystallisation solvents. 
2.1.2. Literature Examples of Solvates of Benzenepolycarboxylic Acids 
2.1.2.1. Solvates of Benzenedicarboxylic Acids 
In contrast to the high occurrence of benzenedicarboxylic acids in the single crystal 
X-ray structures contained in the CSO, particularly terephthalic and phthalic acids, 
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there are no known solvates of these acids. The acids themselves all pack in one-
dimensional chains;49.s2 zigzagged chains in the case of phthalicsl (Figure 2.4) and 
isophthalics2 acids because of the 1,2- and 1,3-substitution of the carboxylic acid 
groups, respectively. Strong hydrogen bonding occurs between acid molecules, 
utilising the R22(8) synthon. 
Figure 2.4. Packing diagram of zigzagged chains of phthalic acid.SI 
The poor solubilities of isophthalic and terephthalic acids in many organic solvents 
have perhaps hindered the study of the structures of their solvates. The similar 
packing modes observed for the three benzenedicarboxylic acid isomers are 
collectively labelled "chains of rings".39 If these chains can be broken up by forming 
hydrogen bonding motifs with suitable solvent molecules, the packing of the 
molecules may move away from the predictable chains of rings, aided by the ability 
of the carboxylic acid groups to rotate away from co-planarity with the aromatic ring. 
2.1.2.2. Solvates of Benzenetricarboxylic Acids 
Trimellitic acid has not yet been characterised via single crystal X-ray diffraction as 
crystallising with included solvent molecules. Its structure provides potential 
extensions in two dimensions, should the adjacent carboxylic acid groups form an 
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intramolecular hydrogen bond, or in three dimensions if the carboxylic acid groups 
are all available for hydrogen bonding to other molecules (Figure 2.5). 
o 
H 
Figure 2.5. Intramolecular hydrogen bonding in trimellitic acid may limit the 
dimensionality of its hydrogen bonding arrays. Free rotation of the carboxylic 
acid groups would provide more available hydrogen bonding groups. 
The three adjacent carboxylic acid groups of hemimellitic acid provide potential 
hydrogen bonding donor and acceptor groups for the inclusion of solvent molecules. 
Hemimellitic acid is commercially available as the dihydrate, sublimation does not 
produce dehydrated single crystals. The dihydrate accounts for three entries of only 
nine in the CSD40 (Version 5.25, plus 2 updates, April 2004), the others being 
transition metal salts and organic co-crystals. 
In the structure of H3HMA'2H20,53-55 there are two unique water molecules in the 
asymmetric unit. H3HMA molecules and one type of H20 molecule are hydrogen 
bonded into layers, with a spacing of 3.514 A between layers. The tenn "outer" is 
used herein to describe the carboxylic acid groups at the 1- and 3-positions of the 
aromatic ring; the term "inner" is used to describe the carboxylic acid group at the 2-
position of the aromatic ring. One of the outer carboxylic acid groups is involved in 
an R22(8) hydrogen bonded ring motif with a symmetry-equivalent acid molecule, 
while the other outer carboxylic acid group is hydrogen bonded to another acid 
molecule via a single O-R"O interaction as well as having an interaction with an H20 
molecule. This creates a zigzag chain of acid molecules. The zigzag chains are 
hydrogen bonded together through an arrangement of four H20 molecules in a four-
membered ring, creating a three-dimensional array. Cavities are produced by the 
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arrangement of acid molecules, and the water molecules lie within these cavities 
(Figure 2.6). 
Figure 2.6. Packing plot of H3HMA·2H20, viewed down the crystallographic c 
axis. 
H3HMA molecules are shown in black, H20 molecules are shown in red. 
Hydrogen bonds are shown by dashed lines. 
The three-dimensional structure is aided by the deviation of the carboxylic acid 
groups from co-planarity with the aromatic ring. While the outer acid groups only 
deviate slightly from co-planarity with the aromatic ring (4.5° and 10.3°), the central 
acid group is close to perpendicular to the aromatic ring (86.8"), thus reducing 
repulsions between oxygen atoms on the adjacent carboxylic acid groups. 
Trimesic acid (H3 TMA) has a much investigated solid state structure.13.J5.56,57 
Trimesic acid utilises the R22(8) synthon to create large puckered rings (Figure 2.7) 
containing six trimesic acid molecules hydrogen bonded together. 
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Figure 2.7. Hydrogen bonded ring oftrimesic acid molecules. 
Each acid molecule is part of three rings of six acid molecules, fonning a (6,3)-
honeycomb or chicken-wire arrangement. This two-dimensional network generates 
cavities of approximately 14 A in diameter, which are filled by the interpenetration of 
three unique networks, avoiding the unfavourable vacuous space_ 
Trimesic acid has been shown, by single crystal X-ray analysis, to fonn a wide range 
of solvent inclusion clathrates, namely H3TMA-0_833H20,58 H3TMA-MeOH-H20,59 
H3TMA-OMSO,60 H3TMA-dioxane_H20,61 H3TMA-20MF,59 H3™A-acetone,63 
2H3 TMA-2MeOH-pyrene,64 2H3 TMA-2EtOH-pyrene65 and H3 TMAJoctane_64 
In H3TMA-0_833H20, parallel layers with stoichiometry H3TMA-H20 stack on top of 
one another, creating channels in which additional trimesic acid molecules reside, the 
enclathrated acid molecules are hydrogen bonded together via the expected R22(8) 
motif into a chain_58 The enclathrated molecules modify the stoichiometry from a 1: 1 
solvate to a 6:5 acid:H20 ratio, written as H3 TMA-0_833H20 or 
H3TMA-H20[0_2H3TMA], where the square brackets signify the enclathrated species_ 
Within the layers, all available H atoms on the acid and H20 molecules are involved 
in strong O-U--O hydrogen bonding, creating motifs including the expected R22(8) 
acid-acid dimer, as well as the ring motifs R24(8), R33(\ 0) and R44(20)_ 
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Trimesic acid crystallises from a I: I mixture of MeOH and benzene, incorporating 
one molecule each of H20 and MeOH per acid molecule.59 This solvated system 
creates a square network with an acid molecule at each corner (Figure 2.S). The acid 
molecules are held together on two parallel sides of the square by the R22(S) synthon, 
while the other two sides involve connections through H20 molecules, producing the 
R3 3( I 0) motif. Interactions between square patterns are reminiscent of the hydrogen 
bonding seen in H3 TMA-0.S33H20, creating layers which then stack to yield cavities. 
Polymeric chains of MeOH molecules lie in these cavities, with short O' '0 contact 
distances (0"'0 2.43 A) between the methanolic oxygen atoms. 
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Figure 2.8. The four-membered network ofH3TMA·MeOH·H20.59 
The characterisation of carboxylic acid alcohol solvates has been studied by 
Kolotuchin et al., with the identification of the R33(1 0) singly-bridged dimer and the 
R44(12) doubly-bridged dimer motifs (Figure 2.9), where the conventional R22(S) 
head-to-tail acid-acid dimer is expanded by one and two alcohol molecules 
respectively.65 
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(a) (b) 
Figure 2.9. (a) Singly- and (b) doubly-bridged dimer motifs seen in carboxylic 
acid alcohol solvates.65 
Herbstein et al. characterised the I: I adduct of trimesic acid and dimethylsulfoxide 
(DMSO),60 this solvent potentially only being a hydrogen bond acceptor through the 
o atom, while weaker interactions utilising the methyl C-H donors leads to multi-
point recognition. Chains of trimesic acid extend in the crystallographic a direction, 
linked by a single O-R"O interaction instead of the R22(8) synthon. These chains are 
then spaced by DMSO molecules, with acid molecules in neighbouring chains 
hydrogen bonding through the oxygen atom of the DMSO molecule. This creates a 
two-dimensional layered structure via strong hydrogen bonding, containing an R46(32) 
ring motif (Figure 2.10). 
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Figure 2.10. View of the sheet structure ofH3TMA·OMSO.60 
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While the H3TMA·DMSO adduct was crystallised from an aqueous solution of 
DMSO, the trimesic acid-dioxane adduct incorporates a molecule of water giving 
H3TMAdioxane'H20 even though the dioxane used was reasonably dry.61 The 
asymmetric unit of this solvate contains one acid molecule, one H20 molecule and 
two half-molecules of dioxane, showing there to be two independent binding modes 
for the dioxane. One dioxane binding mode involves a simple O-R"O interaction 
(0'··02.761 A) in which the dioxane bridges two H20 molecules each involved in an 
R33(10) motif with two trimesic acid molecules. The other dioxane bridges two 
trimesic acid molecules via a strong O-R··O interaction (0···0 2.674 A) and a weaker 
C-H···O interaction (C··O 3.284 A) involving the ring hydrogen atoms of the dioxane 
molecule, creating an R22(7) motif, analogues of which feature prominently in the 
work with pyridine and DMF solvates to be discussed later. The resulting two-
dimensional structure has large R66( 40) ring motifs (Figure 2.11) and has a corrugated 
sheet appearance. 
. 
~ ~ 
i ! , f : 
Figure 2.11. View of the sheet structure of H3TMA·dioxane·H20.61 
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Isomers of octane, a non-hydrogen bonding solvent, have been incorporated into the 
crystal structure of trimesic acid as guests within the chicken-wire network in an 
attempt to prevent interpenetration and hence to create aligned channels.65 However, 
the solvent molecules were highly disordered, probably due to the weak 
intermolecular forces holding them in the structure, and only short channels resulted 
from the stacking of two or three two-dimensional networks. The use of a larger, less 
flexible guest molecule, such as the aromatic hydrocarbon pyrene, has resulted in the 
formation of a much more ordered structure with extensive channels.65 In the co-
crystaI2H3TMA·2EtOH·pyrene (Figure 2.12), two of the three carboxylic acid groups 
of each trimesic acid molecule are involved in the dimeric R22(8) motif, while the 
third links with a carboxylic acid group of another acid molecule through two EtOH 
molecules in a doubly-bridged R44(12) ring motif. The channels formed by the acid-
acid and acid-EtOH interactions are filled by pyrene molecules and the ethyl groups 
of the ethanol molecules from adjacent layers. The MeOH derivative shows identical 
structural features.64 
Figure 2.12. View of2H3TMA·2EtOH·pyrene.65 
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2.1.2.3. Solvates of Benzenetetracarboxylic Acids: Pyromellitic Acid 
Pyromellitic acid is known to crystallise as its dihydrate66 and to co-crystallise and/or 
react with pyridine and a number of substituted pyridines.67 
In the dihydrate of pyromellitic acid, half the pyromelIitic acid and one H20 molecule 
constitute the asymmetric unit, with the acid located on an inversion centre. The 
hydrogen-bonding array extends the structure into three dimensions through O-H"O 
hydrogen bonds, the hydrogen bonds between carboxyl groups in neighbouring 
molecules creating R22(l4) graph set motifs. Hydrogen bonding between two H20 
molecules and two carbonyl oxygen atom acceptors forms an almost square R24(8) 
ring motif (Figure 2.13). 
Figure 2.13. View of HiPMA·2H20.66 
Pyromellitic acid has been co-crystallised and reacted with pyridine and numerous 
alkyl-substituted pyridines by Zaworotko et al., producing a variety of structures 
ranging from zero-dimensional to three-dimensional.67 Pyromellitic acid reacts and 
co-crystallises with pyridine resulting in a 1:2 carboxylate:pyridinium ratio, and is 
better described as a salt, rather than as a solvate, as within the asymmetric unit 
(Figure 2.14) proton transfer occurs from one of the unique acid groups to the unique 
pyridine molecule. The pyridinium ion thus hydrogen bonds to the carboxylate via 
strong W-H"O' interactions rather than O-H"N, and also forms a weak C-H"O 
interaction using the pyridine ortho CH. As with DMSO, dioxane and DMF, pyridine 
is capable of multi-point recognition. No further strong hydrogen bonding exists, 
resulting in a zero-dimensional structure in this case. 
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Figure 2.14. View of [Hpyridineh[HzPMA).67 
2.1.3. Characterisation of Solvates 
Solvates can be difficult to handle and characterise due to their tendency to desolvate. 
Providing the desolvation is not too rapid, solvates can be characterised by infrared 
spectroscopy and microanalysis, however poor analyses are common with rapidly 
desolvating compounds. X-ray diffraction is the ideal method for structural 
characterisation, and it is usually possible provided crystals are rapidly handled in an 
inert oil once they are removed from the solvent. The use of a low temperature 
cryostream is essential to prevent desolvation during data collection. 
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2.2. Results and Discussion 
2.2.1. The Co-crystallisation of 8enzenepoJycarboxyJic Acids with Pyridine 
Numerous authors have investigated the co-crystallisation of carboxylic acid-
functionalised molecules with pyridine derivatives,56,68-73 with many notable examples 
utilising members of the benzenepolycarboxylic acid family. These authors have 
clearly highlighted the carboxylic acid-pyridine supramolecular synthon R22(7), Y, 
(Figure 2.15) as a tool for the construction of supramolecular networks. Y exists 
through the complementarity of the strong O-H""N hydrogen bond and the 
considerably weaker C-H""O interaction, and it was suggested that Y, based on its 
predictable formation, is more stable than the carboxylic acid head-to-tail dimer motif 
X.22_<;6 A recent paper has added much to the study of the robust acid-pyridine 
synthon, with energy calculations showing the formation of Y to be more 
energetically favourable than the alternative acid-acid and pyridine-pyridine hydrogen 
bonded aggregates.69 Of course, whether the carboxylic acid-pyridine synthon takes 
on the form Y or its ionic analogue Z (Figure 2.15) depends greatly on the relative 
acidic nature of the carboxylic acid and the basicity of the pyridine derivative in 
question.69,72 In general, the protophilic nature of pyridine leads to the formation of a 
common species, the pyridinium ion, when acids are appreciably dissociated in the 
solvent. 
O----H-Q 
R-{ }-R 
Q-H----O 
X 
R-{------~~ 
O-H--- -N~ 
Y 
R-{------Hn eO------H'~~ 
Z 
Figure 2.15. Schematics of the acid-acid R22(8) X and acid-pyridine R22(7) 
synthons Y and Z. 
Pyridine has a great influence on synthetic chemistry as a non-aqueous solvent/4 for a 
number ofreasons:-
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• Solubility of a wide range of compounds is aided by the polarity of the 
pyridine molecule, even though it possesses a relatively low dielectric 
constant. 
• The stable aromatic nature of the pyridine molecule leaves it the only truly 
aprotic organic solvent. 
• Pyridine's heteroatom makes it ideal as a basic solvent catalyst, particularly in 
nucleophilic substitution reactions, and gives solute-solvent interactions 
through its strong Lewis base character. 
This economic and widely available solvent provides an ideal, simplistic building 
block which may model many of the more elaborate co-crystals previously reported. 
Here the existence of synthons Y and Z in the adducts of five benzenepolycarboxylic 
acids with pyridine is investigated, and the range of supramolecular structures 
resulting from the variation in the number and positioning of the polycarboxylates' 
divergent carboxyl functionality are analysed. 
After reflecting on the recent discussions led by Desiraju75 and Dunitz,76 the term co-
crystal will be adopted here in the description of the product of co-crystallisation 
reactions, while the term salt will be used to describe the product of proton-transfer 
reactions.77 
The synthesis of pyridine solvates/salts 1-4 (Figure 2.16) of terephthalic acid, trimesic 
acid, phthalic acid and isophthalic acid all proceeded smoothly through simple 
evaporation of a saturated pyridine solution, somewhat surprising in the case of 1 
considering the poor solubility of terephthalic acid in the majority of organic solvents. 
Due to its low solubility in pyridine, the co-crystallisation of pyromellitic acid with 
pyridine was attempted using an H-tube apparatus to facilitate the slow diffusion of 
the two reagents through a methanolic medium. This method led to the isolation of 
two compounds as X-ray quality single crystals, namely [HNC5H5] [H3PMA] 5 
(Figure 2.16) at high acid concentration and the known compound bis(pyridinium) 
dihydrogen pyromellitate,67 [HNC5H5h[H2PMA], at high pyridine concentration. 
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Compound 1 was synthesised and structurally characterised by Alexandra Wilkinson. 
Compound 2 was synthesised and characterised by Matthew Hemmings. X-ray data 
were collected by Mark Elsegood in both cases. Additional characterisation data 
(thermogravimetric analysis and infrared spectroscopy) are presented here for 
compounds 1 and 2, in addition to the detailed analyses of the structures. The studies 
on compounds I-S have been published in CrystEngComm.78 
~ N 20 
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4 
Figure 2.16. Schematics of the structures of co-crystals 1,2 and 4, 
and salts 3 and S. 
Terephthalic acid co-crystallises with two molecules of pyridine per acid molecule 
(Figure 2.17) yielding Hz TA· 2pyridine, 1. The symmetrical nature of terephthalic acid 
lends itself to its position on a centre of inversion, with the unique molecule of 
pyridine in the asymmetric unit hydrogen-bonded to the carboxylic acid group via 
synthon Y (Table 2.1); the same motif observed in the 4,4'-bipyridine:trimesic acid 
system.56 Terephthalic acid is known to pack in the crystalline state in one-
dimensional ribbons, comprising chains of rings, with synthon X linking the 
molecules.49 In contrast, in the presence of pyridine, the formation of synthon X is 
prevented and 1 packs as discreet, zero-dimensional, trimolecular entities linked by 
weak C-H"··O interactions, producing a herringbone network. 
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Figure 2.17. View of co-crystal I, H2TA·2pyridine. 
Selected hydrogen bonding parameters for 1 are shown in Table 2.1. 
Table 2.1. Selected hydrogen bonding parameters for I. 
D-W·A 
0(2)-H(2)N(I ) 
C(5)-H(5) 0(1) 
DA/A 
2.6286(15) 
3.3086(18) 
D-HI A 
1.00(2) 
0.96 
H·A/A 
1.63(2) 
2.592 
D-HAt' 
175.8(18) 
131.8 
A crystalline sample of 1 was subjected to thermogravimetric analysis (TGA) over the 
temperature range 30-500 QC, with a temperature increase of 10°C per minute. Two 
mass loss steps were observed. The first mass loss, commenced at 36 °c and peaked 
at 71°C, representing the loss of approximately two equivalents of pyridine (46.8 % 
of the initial mass). Further heating led to the complete decomposition of the sample, 
peaking at 339°C. This represents the loss of 46.3 % of the initial mass, 
corresponding to one equivalent of terephthalic acid. Thus both pyridine molecules 
are lost at the same time, which correlates with the observed centrosymmetric 
structure. 
Trimesic acid co-crystallises readily with three equivalents of pyridine, yielding the 
thought-provoking structure H3 TMA·3pyridine, 2, determined using synchrotron 
radiation on station 9.8 at the SRS, Daresbury Laboratory, due to small crystal 
dimensions. Although the unit cell dimensions have been reported previously by 
Zaworotko et al. ,56 full structural details are presented here. The inclusion ofpyridine 
in the solid state form of trimesic acid prevents the association of synthon X, with 
pyridine being retained in the crystal as a result of multi point recognition via strong 
O-H··N and weak C-H··O hydrogen bonds;' a property familiar to other commonly 
included organic solvents such as DMF,s9.62 DMS060 and dioxane.61 
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Interestingly, each of the three independent pyridine molecules in the asymmetric unit 
(Figure 2.18) has a unique hydrogen-bonding environment (Table 2.2), bonding to 
one, two or three different acid molecules - giving mono-bound A, doubly-bridging B 
and triply-bridging C pyridines (Figure 2.19). The angles between the pyridine rings 
and the aromatic ring of the acid molecule are A 23.9°, B 88.7° and C 78.2°. The 
presence of three independent pyridine hydrogen-bonding modes gives rise to 
numerous v(C=N) absorptions in the range 1681-16S0 cm-' in the infrared spectrum. 
Figure 2.1S. View of the asymmetric unit of co-crystal 2, H3 TMA·3pyridine. 
Selected hydrogen bonding parameters for 2 are shown in Table 2.2. Labels A, B 
and C describe the pyridine hydrogen bonding modes referred to in the text and 
in Figure 2.19. 
Table 2_2_ Selected hydrogen bonding parameters for 2. 
D-H-A 
0(2)-H(2)N(I) 
0(4)-H(4)N(2) 
0(6)-H(6)N(3) 
C(IS)-H(1S) 0(3) 
C(14)-H(14)0(1 )i 
C(20)-H(20)0(3)i 
C(24)-H(24)0(3)ii 
DA/A 
2.S99(2) 
2.6406(18) 
2.6284(17) 
3.181(2) 
3.469(3) 
3.401(3) 
3.290(2) 
D-H/ A 
0.96(3) 
1.00(2) 
1.03(2) 
1.00 
0.98 
0.97 
0.93 
Symmetry operations: i I-x, y, O.S-z; ii I-x, -y, l-z. 
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HA/A 
1.6S(3) 
1.64(2) 
1.61(2) 
2.S83 
2.S20 
2.468 
2.S13 
D-HAf 
17S(2) 
177(2) 
168.4(19) 
118.S 
162.2 
160.7 
141.2 
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Figure 2.19. Schematics of the three binding modes of pyridine molecules in co-
crystal 2. Acid molecules are shown as rectangular blocks for simplicity, 
bydrogen bonds are shown by dashed lines. Labels A-C are referred to in the 
text. 
Pyridine A is bound to just one carboxylic acid group on one H3 TMA molecule via 
synthon Y, as expected from the work of Zaworotko et al.56 Pairs of pyridines B bind 
two stacked acid molecules together via O-H""N and C-H""O bonds, the combination 
resulting in a puckered R44(l4) ring, with an alternating pattern emerging along the 
stack of acid molecules. Pyridine C binds three stacked acid molecules together via 
one O-H""N hydrogen bond and two crystallographically independent C-H""O 
interactions, resulting in an infinite C12( 6) chain pattern along the edge of this almost 
cylindrical tape (Figures 2.20 (a) and (b)). The 1r-stacked acid molecules exhibit 
alternating graphitic separations of 3.41 A between pairs of molecules held together 
by the doubly-bridging B pyridines, and 3.34 A between pairs of molecules held 
together by the triply-bridging C pyridines. 
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(a) 
3.41 A 
A 3.34 A 
3.41 A 
(b) 
c 
Figures 2.20 (a) and (b). Packing plots of 2, shown using different views ofthe 
stack. 
Hydrogen atoms not involved in hydrogen bonding have been removed for 
clarity. 
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As observed with compound 1, compound 2 showed stepwise mass loss when a 
crystalline sample was analysed by TGA. Three mass loss steps were observed. A 
mass loss of 29.5 % over the range 35-114 QC, peaking at 83°C, corresponded to the 
loss of two equivalents of pyridine. Based on the observation of the shattering and 
expansion of a crystalline sample of 2 at 66-70 QC, it may be assumed that the two 
equivalents of pyridine lost are pyridines B and C, their loss resulting in the 
expansion of the acid layers. [It is important to note that B and C have C-H"··O bond 
lengths longer than those for A, hence they are less strongly bound and so less thermal 
energy would be required to break the interactions, allowing the more facile loss of B 
and C.] A further mass loss of 19.9 % was observed commencing close to the boiling 
point of pyridine (115°C) peaking at 159 °c and tailing-off to 252°C, corresponding 
to the loss of the final pyridine molecule, A, over a temperature range in excess of that 
recorded for 1. The final mass loss of 50.3 %, corresponding to complete 
decomposition of the acid, peaked at 366°C. 
Phthalic acid reacts with pyridine in a I: I ratio, with full proton transfer yielding the 
pyridinium salt (Figure 2.21 and Table 2.3). An intramolecular S(7) hydrogen bond 
results, a common occurrence in 1,2-disubstituted dicarboxylic acids in their neutral 
formJ4 and when deprotonated.67 
, 
CM3) ,," 
Figure 2.21. View of the asymmetric unit of salt 3, [HpyridinenHPAr. 
Selected hydrogen bonding parameters for 3 are shown in Table 2.3. 
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Table 2.3. Selected hydrogen bonding parameters for 3. 
D-H"A DA/A D-HI A HA/A D-HAf 
0(2)-H(2) 0(3) 2.4244(18) 1.04(2) 1.38(2) 174(2) 
N(I )-H(1 )'0(4) 2.553(2) 1.03(2) 1.53(2) 176.9(18) 
C(9)-H(9) 0(3) 3.221(2) 0.95 2.559 126.9 
C(1 O)-H(1 0)0(2)i 3.317(2) 0.95 2.751 119.0 
C(ll)-H(1l)0(2)' 3.237(2) 0.95 2.577 126.8 
Symmetry operation: i 0.5-x, yt-I, -z. 
It is clear that phthalic acid has enhanced acidity in pyridine compared to terephthalic 
acid. Previous authors have suggested that the hydrogen phthalate anion, like other 
1,2-disubstituted acids, adopted a cyclic arrangement via intramolecular hydrogen 
bonding, and that this was more preferred in pyridine than in water since pyridine 
"lacks hydrogen donor character" associated with water.74 Loss of the second proton 
is then at much greater pK. since disruption to this favourable intramolecular 
hydrogen bonding would need to occur. In contrast, isophthalic and terephthalic acids, 
which have geometric structures that prevent the formation of intramolecular 
hydrogen bonds, have higher and relatively similar pK) and pK2 values in pyridine. 
The infrared spectrum of 3 confirms deprotonation has occurred, with strong 
asymmetric and symmetric carboxylate absorptions at 1551 and 1374 cm') 
respectively, in addition to an absorption at 1713 cm') corresponding to the carbonyl 
double bond of the protonated carboxylic acid group. 
Instead of R22(7) synthon Y, 3 displays the alternative, ionic R22C7) synthon Z due to 
deprotonation of the acid by the pyridine, with N+ -R"O' hydrogen bond interactions 
in place of O-R"N interactions, and complementary C-R"O hydrogen bonds. No 
further strong hydrogen bonding exists outside the asymmetric unit, only weak 
hydrogen bonding maintains the packing of the pyridinium salt co-molecule. 
Alternating pyridine and acid molecules are held in zigzag ribbons (Figure 2.22) by Z 
and R )2(5) motifs, interactions in the latter motif involving weak hydrogen bonds 
between 0(2A) and H(lO) and H(II). This one-dimensional structure then extends 
into three dimensions when further C-R"O bonds between interlinking ribbons are 
considered. The zigzag ribbons in 3 show similarities to recently reported co-crystals 
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of phthalic acid and 4,4'-bipyridine derivatives, although proton transfer was not 
observed in those examples79 
(a) 
(b) 
Figures 2.22 (a) Packing plot of hydrogen-bonded ribbons of salt 3, 
with (b) a close-up showing the combination of S(7), R22(7) and RI2(S) motifs. 
Isophthalic acid co-crystallises with pyridine in a I: I ratio, with partial proton transfer 
yielding the pyridiniurn salt as a minor (42(6) %) disorder component (Figure 2.23). 
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~_~()(41 
Figure 2.23. View of the asymmetric unit of co-crystal 4, H2IP A ·pyridine. 
Minor disorder component shown with open bond, while hydrogen bonds 
between the disordered groups bave been omitted for clarity. Selected hydrogen 
bonding parameters for 4 are shown in Table 2.4. 
Table 2.4. Selected hydrogen bonding parameters for 4. 
D-H"A 
0(2)-H(1)N(1) 
N(1)-H(IX)'0(2) 
0(3)-H(3)0(1 )i 
C(12)-H(12)0(4)ii 
C(13)-H(13)uO(4)ii 
DA/A 
2.5402(14) 
2.5402(14) 
2.6696(13) 
3.0855(15) 
3.1031(15) 
D-HI A 
0.97(6) 
0.89(7) 
0.895(19) 
0.95 
0.95 
RA/A 
1.57(6) 
1.65(8) 
1.782(19) 
2.473 
2.492 
Symmetry operations: iX, 0.5-y, z+0.5; ii x-I, O.5-y, z-0.5. 
D-HAf 
171 (3) 
175(5) 
171.5(17) 
122.2 
122.1 
In the major (58(6) %) component, the 1:1 ratio leaves one carboxylic acid group free 
to hydrogen bond to other suitable groups. The pyridine molecule is twisted by 39.0° 
with respect to the aromatic ring and 28.6° with respect to the, carboxylate group 
positioned at C(1), preventing the formation of synthon Y. Instead, O-Hu'N 
interactions occur within the asymmetric unit, while 0(1) interacts with H(3)-0(3) of 
a symmetry-generated acid molecule. 0(4) is not involved in strong hydrogen 
bonding, instead it forms two short C-Hu,O interactions with H(12) and H(13) of a 
symmetry-generated pyridine molecule forming an Rt2(5) motif. These four hydrogen 
bonds combine to yield an infinite chain C\( 11) motif, held as a spiral (Figure 2.24) 
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with pitch 3.797 A (equivalent to the shortest unit cell dimension) by several weaker 
C-H"··O bonds, with every hydrogen atom on each pyridine ring being involved in C-
H"··O interactions. This contrasts with the zigzag chains seen in the recently reported 
co-crystallisation of isophthalic acid with 4,4' -bipyridine.68 
Figure 2.24. View of the spiral structure of co-crystal 4. 
Hydrogen atoms except H(I), H(3), H(12) and H(13) have been removed for 
clarity. 
The result of these extensive interactions is that the pyridine ring is inclined at angles 
of 40.9° and 39.0° with respect to the aromatic ring of its neighbouring acid molecules 
in the spiral. The aromatic rings of the two acid molecules linked through 0(3)-
H(3)""·0(1) are inclined at 41.7° with respect to each other. The infinite spirals, linked 
by numerous C-H"··O interactions into a three-dimensional structure, stack when 
viewed down the crystallographic a direction. Although microanalysis confirmed the 
purity of the bulk material, infrared analysis showed an indistinct region between 
1730 and 1680 cm-I, with X-ray data from two different crystals indicating the same 
partial proton transfer. 
The known 1:2 pyromellitate:pyridinium salt [Hpyridine h[H2PMA], found to be zero-
dimensional by Zaworotko et al.,67 exhibits pyridinium proton transfer and 
intramolecular hydrogen bonding between the adjacent carboxylate and carboxylic 
acid groups. Its I: I pseudopolymorph41 [Hpyridine J[H3PMA] 5, differing in the 
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solvent:acid ratio, exhibits a three-dimensional network of hydrogen bonds due to the 
intramolecular S(7) hydrogen bonding motif of only one carboxylic acid group to the 
ionised carboxylate in each of the two independent acid molecules in the asymmetric 
unit (Figure 2.25 and Table 2.5). The limited intramolecular hydrogen bonding leads 
to six of the eight unique carboxylic acid groups lying within 13° of co-planarity with 
the aromatic rings to which they are attached, while two acid groups are twisted 
almost perpendicular to the aromatic rings (Table 2.6). As seen with the three pyridine 
molecules in 2, the two independent pyridinium ions possess different interaction 
modes - one interacting with only one carbonyl oxygen, 0(7), while the other 
interacts with two carbonyl oxygen atoms, 0(14) and 0(15), forming an R\(7) motif. 
Figure 2.25. View of the asymmetric unit of salt 5, [Hpyridinet[H3PMAr. 
Selected hydrogen bonding parameters for 5 are shown in Table 2.5. 
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Table 2.5. Selected hydrogen bonding parameters for salt 5. 
D-H"A 
N(I)-H(I)0(7) 
N(2)-H(2) 0(14) 
N(2)-H(2)0(1 S) 
0(3 }-H(3 )0(2) 
0(11 }-H(ll) 0(1 0) 
DA/A 
2.7980(19) 
2.849S(l8) 
3.0387(18) 
2.3819(1S) 
2.3801(IS) 
D-H/A 
0.86(3) 
0.94(2) 
0.94(2) 
1.0S(2) 
1.16(2) 
H"A/A 
1.96(3) 
2.14(2) 
2.29(2) 
1.33(2) 
1.23(2) 
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16S(2) 
131.0(18) 
135.9(17) 
179(2) 
172(2) 
Table 2.6. Twist angles (") of carboxylic acid groups in salt 5 with respect to the 
aromatic ring within the same molecule. 
C(7)O(l )0(2) 
C(8)0(3)0(4) 
C(9)0( S)O( 6) 
C(1O)0(7)0(8) 
C(1)-C(6) 
aromatic ring 
4.36(6) 
S.OO(S) 
S.19(3) 
83.00(S) 
C(17)0(9)O(lO) 
C(18)0(11)O(l2) 
C(19)0(13)O(l4) 
C(20)O(lS)0(16) 
C(11)-C(16) 
aromatic ring 
12.62(7) 
11.17(S) 
9.42(4) 
86.S1(6) 
Although pyromellitic acid is highly oxygenated, the commonly observed acid-acid 
R22(8) motif is absent. The large size of pyromellitic acid and the various twist angles 
of the carboxylic groups result in slightly puckered acid layers (Figure 2.26), with 
strong O-H""O hydrogen bonding abundant within the layers, forming cavities within 
which the pyridinium ions reside. As would be expected of such a highly oxygenated 
compound in the presence of the CH donor rich, aromatic pyridine, C-H""O bonding 
combines with the stronger O-H""O and N+-H""O- bonding to create an extensive web 
of interactions. C'O lengths range from 3.012(2) A to 3.900(2) A. 
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Figure 2.26. Packing plot of salt 5, viewed along the crystallographic b axis. 
Hydrogen atoms except OH and NH have been removed for clarity. 
Tilt angles of 13.4° and 4.0° exist between the aromatic rings of acid molecules and 
the aromatic rings of their respective pyridinium ions, while the two acid molecules 
are tilted by 14.0° with respect to each other. This indicates that the three-dimensional 
nature of the structure is predominantly due to the carboxylic acid group deviations 
from co-planarity with the aromatic rings, allowing extensive hydrogen bonding 
within and between layers. It is interesting to note that the R22(7) motif Z involving 
the pyridinium ion, observed in 3 and by Zaworotko et al. 67 in the 1:2 adduct, is 
absent from 5. 
5 desolvates rapidly under ambient conditions, so microanalysis was carried out on a 
slightly wet sample, with good correlation of the results to the formula pyromellitic 
acid·I.40 pyridine. FT-IR analysis of crystalline 5 correlates with the observed crystal 
structure, with N-H absorptions at 3234 and 3179 cm-I, absorptions at 1716 and 1700 
cm-' in the carbonyl region and carboxylate absorptions at 1579 and 1348 cm-I. 
The co-crystallisation of pyridine and the benzenepolycarboxylic acids used here in 
water and methanol (with the exception ofterephthalic acid for solubility reasons) has 
also been investigated, as it is well known that pKa values can vary considerably in 
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different solvents.74 One, two or three equivalents of pyridine were used, depending 
on the acid in question, using heat to fully dissolve the acid where necessary. Only the 
crystallisation of the pure acid was achieved in the case of phthalic and isophthalic 
acids. The production of powdered material was observed (as a precipitate on addition 
ofpyridine) with both trimesic and pyromellitic acids. The H-tube method, successful 
in the crystallisation of 5 and its pseudopolymorph through a concentration gradient, 
was also employed for the co-crystallisation of trimesic acid with pyridine, but this 
again produced only powdered material. However, FT-IR analysis indicates that the 
powdered materials produced are identical to the crystalline 2 and 5, suggesting no 
deprotonation occurred with trimesic acid in MeOH, while mono-deprotonation 
occurred with pyromellitic acid, as would be expected from the isolation of 5 from the 
methanolic H-tube at low pyridine concentration. 
Analysis of hydrogen bonding parameters from structures held in the Cambridge 
Structural Database40 (hereafter the CSD; Version 5.25; January 2004 update) 
indicates that pyridine hydrogen bonds to the carboxylic acid OH group in 231 
structures [constraints applied to search: O··N contact distances in the range 2-3 A, 0-
A··N angles in the range 120-180°; hits returned were analysed for statistical outliers, 
however redeterminations were not removed from the statistical analysis], while 
proton transfer leads to W-H··O· hydrogen bonds between pyridinium cations and 
carboxylate anions in 203 structures [search constraints as before except that the angle 
constraint involved w-A···o- angles). 
The addition of constraints for C-H··O hydrogen bonding, thus narrowing the search 
to those structures containing the R22(7) carboxylic acid-pyridine synthon in either its 
neutral or ionic forms, [constraints applied to search: C··O contact distances in the 
range 2.5-4 A, c-A···o angles in the range 90-180°] reduces the number of hits 
returned to 173 in the case of O-H·N hydrogen bonding (neutral form of R22(7)) and 
86 in the case of N-H··O hydrogen bonding (ionic form of R22(7)). When C-H··O 
hydrogen bonding is also present, the mean N···O contact distances are shortened only 
very slightly, with perhaps the most obvious difference being that the mean C··O 
contact distance in the ionic R22(7) synthon are almost 0.1 A shorter than in the 
neutral analogue. The hydrogen bonding parameters found in co-crystals I, 2 and 4, 
and in salts 3 and 5 are clearly comparable to the mean values determined from the 
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CSD (Table 2.7), particularly so in co-crystals 1 and 2, and salt 3 which contain the 
R22(7) hydrogen bonded synthon. 
Table 2.7. Statistical results from a search of the Cambridge Structural Database 
(see text for constraints applied to search). 
No. of hits DA/A DA/A D-llAf' D-HAf' 
(mean} {ran/le} (mean) (ran/;\e} 
O-H"N (neutral) 231 2.641(3) 2.347-2.897 168.3 123.5-179.9 
N+ -HO' (ionic) 203 2.697(6) 2.478-2.992 162.8 121.8-179.3 
O-RN (neutral) 173 2.631(3) 2.347-2.897 169.6 129.7-179.9 
C-H'O 3.416(13) 3.049-3.998 122.6 90.6-141.4 
N+-HO' (ionic) 86 2.672(9) 2.478-2.883 168.7 133.5-179.3 
C-RO 3.32(2) 2.954-3.972 122.4 92.5-148.3 
The co-crystallisation of hemimellitic acid with pyridine was found to produce 
crystals with a unit cell different to the dihydrate, however a solution could not be 
found. Further attempts to produce better quality crystals were unsuccessful. 
2.2.2. The Co-crystallisation of 8enzenepolycarboxylic Acids with DMF 
H3 TMA-2DMF was originally synthesised by ChatteIjee and co-workers by the 
crystallisation oftrimesic acid (H3TMA) from N,N-dimethylformamide (DMF) in the 
presence of benzene, and characterized using single-crystal X -ray diffraction at room 
temperature. 59. In fact, the same 1:2 H3 TMA:DMF adduct, 6, has now been 
synthesised in the absence of benzene, and characterised using low-temperature 
single-crystal X-ray diffraction.59b The same structure is found in both cases, ruling 
out the benzene co-solvent as an essential templating agent in the prevIOus 
synthesis. 59. The determination at low temperature (150 K) gives a slight 
improvement in the final R value (5.14 % compared to 5.87 %), with reductions of 
1.5,0.4 and 2.2 % in the a, b and c unit-cell dimensions, resulting in an overall 4.1 % 
contraction in the unit-cell volume compared to that determined at room 
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temperature.S9b The improved determination of 6 has been published in Acta Cryst. 
E.59b 
Carboxylic acid-DMF RZz(7) ring motifs,36,37,39 utilizing strong O-H"--O and weaker 
C-H"--O hydrogen bonding, exist at two of the three carboxylic acid groups in 
compound 6, preventing the formation ofthe carboxylic acid head-to-tail R2z(8) dimer 
motif (Figure 2.27). 
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Figure 2.27. View of the hydrogen bonding motifs within compound 6, 
H3TMA·2DMF. 
Hydrogen atoms on H3 TMA except OH have been removed for clarity. Selected 
hydrogen bonding parameters for 6 are shown in Table 2.8. 
Table 2.8. Selected hydrogen bonding parameters for 6. 
D-H"'A 
0(2}-H(2A) 0(7) 
0(3}-H(3) 0(8) 
0(5}-H(5)0(1 )i 
C(I O}-H( 10)0(1) 
C(I O}-H(I O)"O( 6)ii 
C(13}-H(13) 0(4) 
DAtA 
2.507(3) 
2.599(3) 
2.732(3) 
3.487(4) 
3.203(4) 
3.176(4) 
D-Ht A 
0.79(4) 
0.85(4) 
0.86(4) 
0,95 
0.95 
0.95 
HAtA 
\.73(4) 
\.75(4) 
\.88(4) 
2.89 
2.43 
2.47 
Symmetry operations: i I-x, O.5+y, -0.5-z; ii I-x, y-0.5, -0.5-z. 
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D-HA f' 
168(4) 
\76(4) 
171(4) 
122 
139 
131 
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The following three DMF solvates (compounds 7-9) have been published in Acta 
Cryst. c.62 
H2 TA dissolves easily in DMF, one of very few examples of organic solvents capable 
of dissolving this acid. X-ray analysis of colourless crystals grown from the DMF 
solution at approximately 258 K showed that H2 T A co-crystallizes with two 
molecules of DMF, producing H2TA·2DMF, 7 (Figure 2.28). Because of the 
instability of this compound under ambient conditions, the collection of supporting 
evidence, such as microanalysis and IR spectra, has proven impossible. 
H(41 
---
Figure 2.28. View of co-crystal 7, H1TA·2DMF. 
Selected hydrogen bonding parameters for 7 are shown in Table 2.9. 
Table 2.9. Selected hydrogen bonding parameters for 7. 
D-HA ·0 A/A O-H/ A HA/A D-HA t' 
0(2)--H(2) 0(5) 2.563(2) 0.93(3) 1.64(3) 175(3) 
0(4)--H(4) 0(6) 2.554(2) 0.93(3) 1.63(3) 175(2) 
C(9)--H(9)0(1 ) 3.339(3) 0.95 2.70 125 
C(12)--H(12) 0(3) 3.314(3) 0.95 2.64 128 
The H2 TA molecule in 7 does not possess the inversion centre observed in 1, the 
pyridine solvate of H2TA, because of rotational disorder [82.8(4):17.2(4) %] in the 
carboxyl group attached to atom C(1) and complementary rotational disorder in the 
aldehyde group of the OMF molecule hydrogen bonded to this carboxyl group. The 
asymmetric unit therefore comprises one complete formula unit. The geometry of the 
H2TA molecule shows good agreement with that found previously.49 The H2TA 
molecule is roughly planar, with the carboxyl groups only deviating slightly from co-
planarity with the aromatic ring [the dihedral angles between the C(1)-C(6) ring and 
the C(7)/0(1)/0(2) and C(8)/0(3)/O(4) planes are 0.7(3)" and 2.2(3)°, respectively]. 
Both unique oMF molecules hydrogen bond to their respective carboxyl groups 
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utilising the same R22(7) synthon observed in H3TMA'2DMF,59b with one strong 0-
R"O hydrogen bond and one complementary, weaker, C-R"O hydrogen bond. 
Larger dihedral angles occur between the carboxyl groups and the aldehyde groups of 
their associated DMF molecules within the R22(7) motifs [the dihedral angle between 
C(7)/0(1)/0(2) and C(9)/0(5)/H(9) is 16.4(3)°, and that between C(8)/0(3)/0(4) and 
C(l2)/0(6)/H(12) is 17.3(3)"]. No further strong hydrogen bonding exists. 
The similarities between the structures of I (H2TA·2pyridine) and 7 (H2TA-2DMF) 
are obvious, with the carboxylic acid-pyridine and carboxylic acid-DMF R22(7) motifs 
differing in the nature of the strong hydrogen bond acceptor (i.e. O-R"N in 1 
compared to O-R"O in 7). While the 0"'0 contact distance in 7 is shorter than the 
O"'N contact distance in 1, the C"O contact distances are comparable in the two 
structures. 
HtPMA co-crystallises with four molecules of DMF, yielding HtPMA-4DMF, S 
(Figure 2.29), which forms readily at room temperature and shows reasonable 
stability under ambient conditions, in contrast to 7 . 
. NI1I H(6) 
C(8) 
Figure 2.29. View of co-crystalS, I4PMA·4DMF. 
Selected hydrogen bonding parameters for S are shown in Table 2.10. 
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Table 2.10. Selected hydrogen bonding parameters for 8. 
D-HA 
0(4}-H(4) 0(5) 
0(2}-H(2)" 0(6) 
C(6}-H(6) 0(3) 
DAJA 
2.5723 (12) 
2.5508 (13) 
3.1761 (16) 
D-HJ A 
0.935 (18) 
0.91 (2) 
0.95 
HAJA 
1.643 (19) 
1.65 (2) 
2.47 
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D-HAf 
172.4 (17) 
169.3(18) 
132 
The H4PMA molecule lies on a crystallographic centre of symmetry, resulting in the 
asymmetric unit comprising half of a formula unit. The geometry of the ~PMA 
molecule concurs with that determined previously.66 As expected, steric repulsions 
force the rotation of adjacent carboxyl groups away from the plane of the aromatic 
ring [the dihedral angles between the C(1)-C(3) ring and the C(4)/O(l)/0(2) and 
C(5)/0(3)JO(4) planes are 53.75(12)" and 38.85(13)", respectively. The two 
independent DMF molecules in 8 have differing binding modes to the carboxyl 
groups: while one adopts the O-H"OJC-H"O R22(7) arrangement seen in both 
659band 7, the second interacts via a simple linear O-H"O hydrogen bond utilising the 
OH group of the second unique carboxyl group. The R22(7) motif in this structure 
contains a shorter, and therefore stronger, C-H"'O interaction than the same motif in 
7, and as with 7, no further strong hydrogen-bonding interactions occur outside the 
asymmetric unit of8. 
The co-crystallisation of H3HMA·2H20 with DMF yields colourless crystals of 
H3HMA·2DMF·H20, 9 (Figure 2.30). 
Figure 2.30. View of the asymmetric unit of co-crystal 9, HJ HMA·2DMF·HzO. 
Selected hydrogen bonding parameters for 9 are shown in Table 2.11. 
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Table 2.11. Selected hydrogen bonding parameters for 9. 
D-HA DA/A D-HI A H'A/A D-HAf 
O(I)-H(I) 0(8) 2.561(3) 0.95(4) 1.62(4) 175(4) 
0(4)-H(4) 0(9)' 2.588(3) 0.86(4) 1.72(4) 178(3) 
0(5)-H(5)"'0(7) .. 2.491(2) 0.99(4) 1.53(4) 162(4) 
0(9)-H(9 A )"O( 6)" 2.749(2) 0.87(4) 1.90(4) 167(4) 
0(9)-H(98) 0(3) 2.734(3) 0.78(4) 1.95(4) 178(4) 
CCIO)-H(IO) 0(6) 3.353(3) 0.95 2.67 129 
CCI 3)-H(I 3)" 0(2) 3.329(3) 0.95 2.80 116 
Symmetry operations: iX, y, I +z; ii 1.5-x, -y, z-0.5. 
Compound 9 was observed to desolvate over a period of a few minutes under ambient 
conditions, sufficient time to allow IR spectroscopy and microanalyses to be carried 
out. The asymmetric unit of 9 contains a whole formula unit, in which the outer 
carboxyl groups of the H3HMA molecule, at atoms CCI) and C(3) of the aromatic 
ring, both hydrogen bond, via the RZz(7) synthon, to different DMF molecules, 
creating H3HMA'2DMF units. These secondary building blocks are linked into a one-
dimensional ladder structure (Figure 2.31) by hydrogen bonding involving the 
molecule of water included in the asymmetric unit. The inner carboxyl group at atom 
C(2) of the aromatic ring lies almost perpendicular to the plane of the aromatic ring 
[the dihedral angle between the CCl)-CC6) ring and the C(8)/0(3)/0(4) plane is 
81.54(10)"], as observed in the dihydrate of H3HMAs.J.sS and in its 2-methyl ester.80 
This carboxyl group, aided by its anti-planar conformation,34 forms a zigzag C z(6) 
chain by hydrogen bonding with one OH group of the water molecule. 
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Figure 2.31. View of the packing of co-crystal 9 into ladders. 
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A search of the Cambridge Structural Database40 (CSD; Version 5.25 of November 
2003, plus one update) identified 30 hits containing both carboxylic acid groups and 
DMF molecules, of which six are redeterminations. A more detailed search for 
hydrogen-bonding motifs in carboxylic acid/DMF structures [constraining the 0"'0 
contact distance to within the range 2-3.2 A and the C"O contact distance to within 
the range 2.5-3.5 A; redeterminations omitted from statistical analysis] indicates that 
19 structures contain O-H'--O hydrogen bonding between the C02H group and the 
aldehyde 0 atom, the mean 0"'0 contact distance being 2.597(15) A (range 2.507-
2.888 A). 13 of these 19 structures also contain C-H--O hydrogen bonding, producing 
the R22(7) motif observed in compounds 6-9. The mean 0"'0 contact distance within 
this population [containing the R22(7) motif] is 2.585(13) A (range 2.507-2.692 A), 
while the mean 0-11"0 angle is 169.4°, indicating a slight shortening in the O-H"O 
hydrogen-bond distance when C-H--O interactions exist and showing good 
agreement with the hydrogen-bond geometry observed for the same motifs in 
compounds 6-9. C-H"O interactions within this population have a mean C "0 contact 
distance of 3.24(3) A (range 3.054-3.490 A). 
It is interesting to note the structure of 1, 1O-binaphthyl-2,20-dicarboxylic acid 
bis(DMF) clathrate81 (CSD refcode CIWJIBlO; Figure 2.32), in which two DMF 
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binding modes are present, viz. one R22(7) motif and one simple linear O-W'O motif, 
just as observed in the structure of 8. The 0"'0 contact distances within these motifs 
are 2.692 and 2.888 A, respectively, considerably longer than those observed in 8 
[2.5723(12) and 2.5508(13) A, respectively]. This is presumably because the naphthyl 
groups are larger electron reservoirs than phenyl groups and so the oxygen atoms can 
pull more electron density from the naphthyl groups. This would make the OH 
hydrogen atoms less electropositive, so weakening and lengthening the O-H""O 
hydrogen bond. 
Figure 2.32. View of 1,IO-binaphthyl-2,20-dicarboxylic acid bis(DMF) clathrate 
(CSD refcode CIWJIBIO).80 
Hydrogen atoms on the naphthyl rings have been removed for clarity. 0"'0 
distances are included in the text. 
While the C02H1DMF R22(7) synthon has relatively few examples in the CSD 
compared with the analogous, well studied, carboxylic acid-pyridine R22(7) synthon,69 
the majority (15) of the 21 CSD structures containing the C02H-formyl group R22(7) 
synthon [search constraints as above; mean 0"'0 = 2.599(10) A and mean C"'O = 
3.28(2) A] do involve DMF, indicating the more general carboxylic acid-formyl 
group as a supramolecular synthon worthy of future study. Possible future work could 
include the co-crystallisation of benzenepolycarboxylic acids with their 
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poly(aldehyde) analogues (Figure 2.33). Such co-crystals would be expected to be of 
higher dimensionality than the DMF co-crystals as the poly(aldehyde) molecules 
would link poly(acid) molecules together, and vice versa. These reactions are likely to 
require anaerobic conditions due to the sensitivity of the aldehyde group to oxidation, 
forming the carboxylic acid analogue. 
o H 
o H o 
H o H 
H 
Figure 2.33. Examples of poly(aldehyde) compounds based on the structures of 
terephthalic, isophthalic and trimesic acids. 
Both phthalic and isophthalic acids crystallised as single crystals from DMF solutions, 
without the inclusion of any solvent. 
2.2.3. The Co-crystallisation of Trimesic Acid with Alcohols 
Compounds 10 and 11 have been published in Chem. Commun.81 
The crystallisation of a methanolic solution of H3 TMA by Simon Richards over a 
period of seven days at -18°C resulted in a mixture of colourless blocks 
H3TMA·MeOH, 10, and colourless needles H3TMA·2MeOH, 11, the latter being the 
major component. Both compounds 10 and 11 have been analysed using single-crystal 
X -ray diffraction and were found to possess tape structures, maintained by strong 0-
R"O hydrogen bonding interactions. 
In the case of compound 10, the MeOH molecule hydrogen bonds to the carbonyl 0 
of one H3TMA molecule and the OH of another, forming the R33(IO) motif. The 
R22(8) motif utilising the third carboxyl group of the tri-acid does remain intact, 
producing one-dimensional tapes (Figure 2.34). 
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Figure 2.34. View ofthe hydrogen bonded tapes formed by co-crystal 10, 
H3TMA·MeOH. 
Hydrogen atoms on H3 TMA molecules not involved in hydrogen bonding have 
been removed for clarity. Selected hydrogen bonding parameters for 10 are 
shown in Table 2.12. 
Table 2.12. Selected hydrogen bonding parameters for 10. 
D-H'A DAIA D-HI A HA/A D-A'A f' 
0(2}-H(2A) 0(7) 2.6037(13) 0.84 1.77 172.2 
0(4}-H(4A) 0(1)' 2.5941(13) 0.84 1.82 152.0 
0(6}-H(6A)0(~)" 2.6208(13) 0.84 1.78 178.1 
0(7}-H(7) 0(3)111 2.7979(14) 0.84 1.97 167.7 
Symmetry operations: i x-I, y-I, z;;; I-x, 2-y, 2-z; ;;; x+ I, y+ I, z. 
The network of strong hydrogen bonds creates cavities with dimensions of 11 x 7.5 A, 
comparable in the greatest dimension with those observed in pure H3 TMA. 56 The 
R44(32) hydrogen bonding pattern surrounding the cavity is identical to that seen in 
H3TMA-MeOH·H20 (shown in Figure 2.8),59 except in this literature example the 
water molecules (rather than MeOH in the case of 10) disrupt two of the R22(8) acid-
acid synthons in each H3 TMA molecule. The three-fold interpenetration56 observed in 
the solid state structure of H3 TMA is not seen in 10, as n-stacking and electronic 
repulsions maintain a distance of 3.55 A between adjacent tapes, with Me groups of 
the solvent molecules from adjacent tapes lying just above and below the cavity. 
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The crystal structure of compound 11, H3TMA-2MeOH, shows further disruption of 
the acid-acid hydrogen bonding through the inclusion of a second equivalent of 
MeOH. All acid-acid head-to-tail interactions are disrupted in 11 (Figure 2.35), with 
two carboxyl groups interacting with one MeOH molecule in the same R3)(10) motif 
observed in 10. In contrast, the third carboxyl group of each H3 TMA molecule does 
not interact directly with any other H3 TMA molecule, hydrogen bonding only with 
two symmetry-equivalent molecules of MeOH as part of an R44(8) motif formed by 
two carboxyl OH and two MeOH molecules, creating hydrogen-bonded chains 
bridged by pairs of MeOH molecules. This second unique MeOH molecule is 
disordered equally over two positions, with complementary disorder of the H atom in 
the carboxyl group. 
. ... { 
... 
T···· 
...... ------A...., 
Figure 2.35. View of co-crystal 11, H3 TMA·2MeOH, showing the hydrogen 
bonding motifs. 
Hydrogen atoms except OH have been removed for clarity. Selected hydrogen 
bonding parameters for 11 are shown in Table 2.13. 
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Table 2.13. Selected hydrogen bonding parameters for 11. 
D-H"-A 
0(1 )-H(I )-0(8A) 
0(3)-H(3A) 0(6); 
0(5)-H(5A) 0(7);; 
0(7)-H(7)-0( 4) 
0(8A)-H(8A) 0(1 );;; 
DA/A 
2.521(7) 
2.595(4) 
2.572(4) 
2.778(4) 
2.766(7) 
D-HI A 
0.84 
0.84 
0.84 
0.84 
0.84 
HA/A 
1.71 
1.81 
1.74 
1.94 
1.97 
S t · . ; 1· II ytl .;" 1 2 ymmetry opera Ions. x,Y- ,z, x, ,z, -x, -y, -z. 
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D-HAt' 
162.4 
154.2 
171.4 
176.0 
157.0 
In MeOH solvates 10 and 11, the methyl groups of the alcohol molecules project up 
into the cavity produced in the layer above. It was hypothesised that the use of diols 
may allow the linkage of two (or more) layers together, as depicted in Figure 2.36. 
OH-- ___ IiF;::=====:::;;;;;;B_ - --H 
H---lIF~======:;;;;;!iI_ - - -HO 
Figure 2.36. A schematic of the linking of two acid layers by diols. 
The inexpensive diol ethylene glycol (HOCH2CH20H) was initially tested, with both 
isophthalic and terephthalic acids having extremely low solubilities. Phthalic, 
hemimellitic, trimellitic and pyromellitic acids powdered out from the ethylene glycol 
solutions after slow evaporation over periods of up to six months. In complete 
contrast, crystalline material was produced within 24 h from an ethylene glycol 
solution (of similar concentration) of trimesic acid. Single crystal X-ray analysis 
showed a I: I ratio between the acid and the solvent, giving co-crystal 
H3 TMA ·ethylene glycol 12 (Figure 2.3 7). 
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Figure 2.37. View of the asymmetric unit of co-crystal 12, 0 3 TMA·ethylene 
glycol. 
Selected hydrogen bonding parameters for 12 are shown in Table 2.14. 
Table 2.14. Selected hydrogen bonding parameters for 12. 
D-H"'A DA/A D-H/ A HA/A D-HAf' 
0(1 )-H(1 )0(7): 2.5814(11) 0.932(17) 1.651 (17) 176.7(15) 
0(3)-H(3)0(8t 2.6126(12) 0.918(18) 1.703(19) 170.2(16) 
O( 5)-H( 5)0(2)111 2.5912(12) 0.873(18) 1.764(18) 157.3(17) 
0(7)-H(7)0( 6) 2.7475(12) 0.848(18) 1.900(18) 177.1(16) 
0(8)-H(8)0( 4)1V 2.7239(12) 0.836(18) 1.937(18) 156.4(15) 
S . . i l' ii 1 0 5 0 5 . iii l' iv 1 ymmetry operatIOns. x, y- , z, -x, y- . , . -z, x, y+ , z, x+, y, z. 
The diol does indeed link layers of trimesic acid molecules together, as predicted. The 
two alcohol groups of the diol interact in different ways with the trimesic acid 
molecules (Figure 2.38). One OH (0(7)) interacts with two carboxyl groups 
producing a singly-bridged R33(1O) motif, while the other OH (0(8)) interacts with a 
single carboxyl group in the sheet below, giving a ~2(6) chain motif (Figure 2.39). 
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Figure 2.38. View of the hydrogen bonding motifs in co-crystal 12. 
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Hydrogen atoms except OH have been removed for clarity. The molecules in the 
upper layer are shown using open bonds for clarity. 
Figure 2.39. Schematic of a C 2(6) chain - a repeating chain motif six atoms in 
length, containing two donor atoms and two acceptor atoms. 
The strong hydrogen bonding alone yields a thick, stepped sheet, two-dimensional 
structure (Figure 2.40). The thick sheets are built from the bridging of two layers of 
trimesic acid molecules by ethylene glycol molecules, leading to a distance of 3.20 A 
between bridged trimesic acid molecules. 
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Figure 2.40. Packing plot of co-crystal 12, viewed along the crystallographic b 
axis. 
Hydrogen atoms except OH have been removed for clarity. 
It was predicted that a longer chain diol would produce a similar structure to co-
crystal 12, but with a greater distance between linked trimesic acid molecules. The 
diol cis-but-2-ene-I,4-diol was used to dissolve trimesic acid, and after just 24 h, 
crystalline material was obtained. As expected from the ethylene glycol solvate, the 
stoichiometry of co-crystal 13 was I: I, giving H3 TMA'cis-but-2-ene-1 ,4-diol (Figure 
2.41). 
Figure 2.41. View ofthe asymmetric unit of co-crystal 13, H3TMA'clS-but-2-ene-
1,4-diol. 
Selected hydrogen bonding parameters for 13 are shown in Table 2.1S. 
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Table 2.15. Selected hydrogen bonding parameters for 13. 
O-HA 
0(2}-H(2)0(5)i 
0(3}-H(3)O(S)ii 
O( 6}-H( 6)O(7)iii 
0(7}-H(7)O( I) 
O(S}--H(S)O( 4)iv 
O'A/A 
2.6456(13) 
2.5701(14) 
2.6230(13) 
2.S066(I3) 
2.7095(14) 
O-HI A 
0.S9(2) 
0.SS(2) 
0.930(19) 
0.S9(2) 
0.S6(2) 
H"A/A 
I.7S(2) 
1.72(2) 
1.694(19) 
1.94(2) 
I.8S(2) 
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O-H"Af' 
163.S(19) 
163.6(19) 
177.5(1S) 
166.2(IS) 
161.1 (I S) 
Symmetry operations: iX, y+ I, Z; U X+ l.5, 0.5-y, z+0.5; ;;; x, y-I, Z; iv I-x, -y, -Z. 
Equivalent motifs to those for the ethylene glycol solvate were observed, with the OH 
containing 0(7) incorporated in an R33(1 0) motif and the OH containing O(S) 
involved in a ~2(6) motif (Figure 2.42). 
The longer chain diol used here did not change the packing of the solvate, with the 
same stepped, thick sheet arrangement (Figure 2.43) as for the ethylene glycol 
solvate. However, with the use of the longer chain diol, the distance between bridged 
trimesic acid molecules in fact decreases to 3.11 A. Instead of expanding the distance 
between the trimesic acid layers, the longer chain diol lies at a shallower angle (S2°, 
measured using the carbon backbone) to the plane of the aromatic ring of the H3 TMA 
molecules than observed in the structure containing ethylene glycol (S9°, measured 
using the carbon backbone). 
Figure 2.42. View of the hydrogen bonding motifs in co-crystal 13. 
Hydrogen atoms except OH have been removed for clarity. The molecules in the 
upper layer are shown using open bonds for clarity. 
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Figure 2.43. Packing plot of co-crystal 13, viewed along the crystaUographic b 
axis. 
Hydrogen atoms except OH have been removed for clarity. 
2.2.4. The Co-crystallisation of Hemimellitic Acid with Alcohols, Acetonitrile and 
Acetone 
Hemimellitic acid shows fair to excellent solubility in a wide range of solvents, 
allowing the synthesis of its alcohol, acetonitrile and acetone solvent inclusion 
clathrates. The MeOH, EtOH, Pr"OH, PriOH and MeCN clathrates were synthesised 
and characterised by Augusta Coombs. Detailed analysis of these structures and the 
new Bu'OH and acetone solvates are presented here. Compounds 14-20 have been 
accepted for publication in CrysIEngComm.8J 
The inclusion of MeOH into the crystal structure of H3HMA results m a 1: 1 
stoichiometry (Figure 2.44) giving H3HMA·MeOH, 14. 
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Hl1J 
Figure 2.44. View of the asymmetric unit of co-crystal 14, H3HMA·MeOH. 
Selected hydrogen bonding parameters for 14 are shown in Table 2.16. 
Table 2.16. Hydrogen bonding parameters for 14. 
D-H"""A DA/A D-HI A H"A/A D-HAf 
0(1 )--H(I )O(2)i 2.6464(12) 0.84(2) 1.816(18) 171.5(18) 
0(3 )--H(3 )O( 5t 2.6808(13) 0.91(2) 1.791(17) 165.4(15) 
O( 6)--H( 6)0(7)111 2.5772(13) 0.95(2) 1.636(17) 172.6(16) 
O(7)--H(7)O( 4) 2.7441(14) 0.89(2) 1.87(2) 167.2(18) 
Symmetry operations: i I-x, I-y, I-z; ii -x, 2-y, I-z; iii -x-I, 2-y, I-z. 
While one of the outer carboxylic acid groups of the H3HMA molecule forms only the 
common R22(8) head-to-tail dimer motif with its symmetry equivalent across an 
inversion centre, the remaining two carboxylic acid groups on each H3HMA molecule 
form hydrogen bonds with solvent molecules such that the alkyl groups of the MeOH 
molecules point in opposite directions (Figure 2.45). The second outer carboxylic acid 
group also hydrogen bonds to the inner carboxylic acid group of a symmetry-
generated molecule and vice versa, producing an R22(14) ring motif, centred on an 
inversion centre. 
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Figure 2.45. View of the hydrogen bonding motifs in 14. 
Hydrogen atoms except OH have been removed for clarity. 
The hydrogen bonded undulating sheets, produced as a result of the 1,2,3-substitution 
of H3HMA, extend in the ab plane and close-pack through weaker C-H""O hydrogen 
bonds [where C-""O distances are 3.3634(15) A and 3.7430(\5) AJ giving a brick-wall 
arrangement of the H3HMA molecules with MeOH molecules located in the cavities 
produced (Figures 2.46 and 2.47). 
Figure 2.46. Undulating sheets close-pack into a brick-wall arrangement in 14 
through C-H···O interactions between sheets. Two adjacent sheets are shown 
here in red and black. Solvent molecules have been removed for clarity. 
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Figure 2.47. Packing plot of H3HMA'MeOH, 14, viewed down the 
crystallographic a axis, with a schematic diagram of a brick-wall array. 
H3HMA molecules are shown in black, MeOH molecules are shown in red. 
Hydrogen atoms except OH have been removed for clarity. 
The inclusion of EtOH into the crystal structure of H3HMA also occurs in a I: I 
stoichiometry producing H3HMA'EtOH, 15. Solvate 15 contains an almost identical 
hydrogen bonding pattern to that seen in 14, except that the hydrogen bonds involving 
solvent molecules are longer than those in 14, presumably due to the increased 
electron donation from the alkyl group in EtOH when compared to MeOH. This 
would make the hydrogen atom less electropositive, therefore weakening and 
lengthening the hydrogen bonds in the EtOH solvate. An expansion in the structure to 
incorporate EtOH in place of MeOH is obvious when considering the unit cell 
dimensions of 14 and 15, particularly through a 3.8 % expansion in the 
crystallographic c axis. Solvate 15 also adopts the same brick -wall arrangement as 14, 
with C-"O distances of 3.4538(15) A and 3.7103(15) A between the undulating sheets 
which extend in the ab plane. 
The inclusion of the next homologue in the alcohol series, Pr"OH, does not produce a 
further expanded form of 14 and 15, instead the stoichiometry here is 
2H3HMAPr"OH, 16 (Figure 2.48). 
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Figure 2.48. View of the asymmetric unit of co-crystal 16, 2H3HMA·Pr"OH. 
Selected hydrogen bonding parameters for 16 are shown in Table 2.17. 
Table 2.17. Hydrogen bonding parameters for 16. 
D-HA 
O(l)-H(I) 0(1 1) 
0(4)-H(4)0(5)i 
O( 6)-H( 6)0( 13)ii 
0(7)-H(7) 0(8)'" 
0(9)-H(9)0(3)iv 
0(12)-H(12) 0(2) 
O(l3)-H(13) 0(10) 
DA/A 
2.639(3) 
2.735(3) 
2.561 (3) 
2.634(3) 
2.649(3) 
2.629(3) 
2.827(3) 
D-HI A 
0.91(2) 
0.89(2) 
0.89(2) 
0.90(2) 
0.90(2) 
0.89(2) 
0.89(2) 
HA/A 
1.73(2) 
1.86(2) 
1.69(2) 
1.74(2) 
1.77(2) 
1.74(2) 
1.95(2) 
D-HAf 
176(4) 
170(4) 
164(4) 
177(4) 
167(3) 
173(5) 
166(4) 
S . . i . ii 1 1· iii 1 2· iv 1 ymmetry operatIOns. -x, -y, -z, x-, y, z-, -x, -y, -z, -x, -y, -z. 
One H3HMA molecule in 16 [containing 0(1) to 0(6)] adopts an identical hydrogen 
bonding pattern (Figure 2.49) to that in both 14 and 15 with one of the outer carboxyl 
groups and the inner carboxylic acid group forming an R22(14) motif with a 
symmetry-generated molecule across an inversion centre, while the same outer group 
also hydrogen bonds to a solvent molecule. The other outer carboxylic acid group 
forms an R22(8) motif with an outer carboxyl group of the second unique H3HMA 
molecule [containing 0(7) to 0(12)] and the remaining outer carboxyl group of the 
second H3HMA molecule forms an R22(8) motif across an inversion centre. The two 
unique H3HMA molecules clearly differ in that the first [0(1) to 0(6)] possesses a 
syn-planar OH at the inner carboxyl group, while in the second [0(7) to 0(12)] this 
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hydrogen atom was fotmd to be anti-planar, creating hydrogen bonds with symmetry-
related H3HMA molecules below it. 
Figure 2.49. View of the hydrogen bonding motifs in co-crystal 16. 
Hydrogen atoms except OH bave been removed for clarity. 
The hydrogen bonding array results in a thick lamellar structure which extends in the 
ac plane, and the solvent molecules lie in cavities within the structure (Figure 2.50). 
Figure 2.50. Packing plot of co-crystal 16, viewed down the crystallographic a 
axis, with a schematic diagram of a brick-wall array. 
H3HMA molecules are shown in black, Pr"OH molecules are shown in red. 
Hydrogen atoms except OH bave been removed for clarity. 
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The inclusion of MeCN also results In a 2: I stoichiometry, producing 
2H3HMA·MeCN, 17 (Figure 2.51). 
, 
, 
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Figure 2.51. View of the asymmetric unit of co-crystal 17, 2H3HMA·MeCN. 
Selected hydrogen bonding parameters for 17 are shown in Table 2.18. 
Table 2.18. Hydrogen bonding parameters for 17. 
D-HA 
O(I)-H(I) 0(8) 
0(4)-H(4)uN(I) 
0(6)-H(6)O(lI)i 
0(7)-H(7) 0(2) 
0(IO)-H(IO)0(3)ii 
O( 12)-H(12)0( 5)iii 
DA/A 
2.6231(\3) 
2.7323(17) 
2.6625(14) 
2.6272(14) 
2.6364(15) 
2.6241(14) 
D-HI A 
0.888(17) 
0.935(18) 
0.90(2) 
0.92(2) 
0.863(18) 
0.90(2) 
HA/A 
\.738(18) 
1.819(18) 
1.77(2) 
1.71(2) 
\.796(18) 
1.73(2) 
Symmetry operations: iX, y+ I, z+ I; ii I-x, I-y, -z; iii x, y-I, z-l. 
D-HAt' 
173.7(16) 
164.9(16) 
176.1 (18) 
175.4(19) 
163.8(17) 
171.9(18) 
As seen in 16, the two unique H3HMA molecules differ in that the inner carboxylic 
acid group is syn-planar in the first molecule [containing 0(1) to 0(6)] and anti-
planar in the second [containing 0(7) to 0(12)]. The outer carboxylic acid groups in 
the two molecules hydrogen bond together (Figure 2.52) to form chains linked by 
R22(8) rings, with the syn- and anti-planar molecules alternating along the chains. 
While the syn-planar OH hydrogen bonds to the MeCN molecule, the carbonyl 0 
atom of this group accepts an OH from the anti-planar group, creating links between 
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adjacent chains. This produces an undulating ladder structure, which extends along 
the be unit cell diagonal, with MeCN molecules projecting from alternating sides of 
the ladder. 
Figure 2.52. Packing plot of co-crystal 17. showing the ladder structure. 
Hydrogen atoms except OH have been removed for clarity. 
Neighbouring ladders close-pack to form cavities within which the solvent molecules 
reside (Figure 2.53), with only van der Waals interactions acting between the ladders. 
Figure 2.53. Packing plot of co-crystal 17 • viewed down the crystallographic a 
axis. 
HJHMA molecules are shown in black, MeCN molecules are shown in red. 
Hydrogen atoms except OH have been removed for clarity. 
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The inclusion of the bulkier, branched alcohol PriOH into the structure of H3HMA 
produces a I: I stoichiometry, giving H3HMA·PriOH, 18 (Figure 2.54). 
Figure 2.54. View of the asymmetric unit of co-crystal 18, H3HMA·pioH. 
Selected hydrogen bonding parameters for 18 are shown in Table 2.19. 
Table 2.19. Hydrogen bonding parameters for 18. 
D-H"A 
O(2}-H(2)O(3)i 
O(4}-H(4)·O(7) 
O( 6}-H( 6)"O( 5)ii 
O(7}-H(7)"·O( I )iii 
DA/A 
2.6358(15) 
2.5623(15) 
2.6491(16) 
2.7568(\6) 
D-HI A 
0.93(2) 
0.95(2) 
0.93(2) 
0.89(2) 
H·A/A 
1.72(2) 
1.62(2) 
1.72(2) 
1.87(2) 
D-HAf' 
168.7(\ 9) 
173.9(19) 
176(2) 
173(2) 
Symmetry operations: i x+0.5, 1.5-y, z+O.5; ii I-x, 1-y, 1-z; iii x-0.5, 1.5-y, z+0.5. 
While one of the outer carboxylic acid groups in 18 is involved in an R22(8) ring motif 
with its symmetry-generated equivalent across an inversion centre, the remaining two 
carboxyl groups each hydrogen bond to a solvent molecule and also to a different 
symmetry-generated molecule each, with the inner carboxyl group hydrogen bonded 
to an outer carboxyl group and vice versa (Figure 2.55). 
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Figure 2.55. View of the hydrogen bonding motifs in co-crystal 18. 
Hydrogen atoms except OH have been removed for clarity. 
Chapter 2 
This creates a three-dimensional herringbone array, with solvent molecules held 
within the cavities produced by the carboxylic acid network (Figure 2.56). 
Figure 2.56. Packing plot of co-crystal 18, viewed down the crystallographic c 
axis, with a schematic diagram of a herringbone array. 
HJHMA molecules are shown in black, PiOH molecules are shown in red. 
Hydrogen atoms except OH have been removed for clarity. 
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Attempts to include the longer chain Bu"OH into the structure of H3HMA, using 
similar synthetic procedures to those used in the formation of 14-18, failed to produce 
the desired solvate, instead crystallising the dihydrate starting material. 
Inspired by the success of the lower alcohol analogues, crystallisation of H3HMA was 
attempted from the even more sterically demanding alcohol Bu'OH, producing the I: I 
solvate H3HMA-Bu'OH, 19 (Figure 2.57). 
Hill 
0111 
Figure 2.57. View of the asymmetric unit of co-crystal 19, H3HMA·Bu'OH. 
Selected hydrogen bonding parameters for 19 are shown in Table 2.20. 
Table 2.20. Hydrogen bonding parameters for 19. 
D-HA 
O(I)-H(I)O(7)i 
0(4)-H(4)0(3)ii 
O( 6)-H( 6)'0(2)iii 
0(7)-H(7)0( 5) 
DA/A 
2.5591(16) 
2.6538(13) 
2.6474(14) 
2.7784(15) 
D-HI A 
0.92(2) 
0.868(19) 
0.90(2) 
0.86(3) 
HA/A 
1.65(3) 
\.790(19) 
\.78(2) 
1.95(3) 
D-HAf 
176(2) 
173.5(18) 
160(2) 
160(2) 
Symmetry operations: i. l - x,y-O.5, 1.5-z; ii I-x, -y, 2-z; iii I-x, y+0.5, 1.5-z. 
In contrast to the hydrogen bonded networks seen in 14-18, the inner carboxylic acid 
group of H3HMA is able to combine with the inner carboxylic acid group of a 
symmetry equivalent H3HMA molecule, forming the common R22(8) head-to-tail 
dimer motif (Figure 2.58). The two outer carboxyl groups both participate in singly-
bridged R\(10) ring motifs through the insertion of one Bu'OH molecule into the 
R22(8) motif. 
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Figure 2.58. View of the hydrogen bonding motifs in co-crystal 19. 
Hydrogen atoms except OH have been removed for clarity. 
In order to accommodate the additional steric requirements of the bulky Bu/OH 
molecules, 19 packs as thick, corrugated sheets which extend in the be plane, allowing 
the positioning of the alcohol molecules at the turning points of the zigzag layers 
(Figure 2.59). 
Figure 2.59. Packing plot of co-crystal 19, viewed down the crystallographic c 
axis. 
H3HMA molecules are shown in black, Bu/OH molecules are shown in red. 
Hydrogen atoms except OH have been removed for clarity. 
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The acetone solvate of H3HMA also includes an additional molecule of H20 per acid 
molecule in the structure, giving the asymmetric unit H3HMAMe2CO·H20, 20 
(Figure 2.60). The inclusion of the water molecule undoubtedly occurs to provide 
strong hydrogen bond donor groups to balance their absence in acetone. 
"" 
I 
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Figure 2.60. View of the asymmetric unit of co-crystal 20, H3HMA·Me2CO·H20. 
Selected hydrogeu bonding parameters for 20 are shown in Table 2.21. 
Table 2.21. Hydrogen bonding parameters and close 0···0 contact distances for 
20. 
D-HA DAtA D-Ht A HAtA D-HAf 
0(1 }-H(l )0(8) 2.584(4) 0.84 1.76 165 
0(4}-H(4) 0(7) 2.635(3) 0.82(4) 1.83(4) 165(5) 
0(6}-H(6) 0(2)' 2.610(3) 0.82(4) 1.84(4) 157(5) 
0(8)0(5) 2.960(4) 
C( 4}-H( 4A)0(7Y 3.546(5) 0.95 2.62 164 
C(l l}-H(l lA) 0(5) 3.681(5) 0.98 2.73 163 
Symmetry operation: iX, 0.5-y, z+0.5. 
A single, large diamond-shaped crystal was produced within a few hours from the 
slow evaporation of a saturated acetone solution of the dihydrate. Rapid desolvation 
during the mounting of the crystal led to the collection of rather poor data. The crystal 
was assumed to be twinned based on the high Rint value of7.3 % and the observation 
that Fo2 values were systematically higher than F/ values for all of the "most 
disagreeable" reflections. The final R I value was 7.31 % after the appropriate twin 
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law (180° rotation about the a axis) was found using Rotax84 and applied to the data. 
Ultimately, the water hydrogen atoms could not be located reliably and the collection 
of supplementary evidence of the bulk purity of 20, such as that provided by 
microanalysis and infrared spectroscopy, proved impossible. 
The K 2(8) head-to-tail carboxylic acid dimer is not found in 20 (Figure 2.61); in its 
place are a series of ring motifs formed using a combination of strong (acid)O-H"··O 
(solvent) and weak (acid)C-H"··O(solvent) and (solvent)C-W·O(acid) hydrogen 
bonds. The two outer carboxyl groups of each H3HMA molecule interact with the 
water molecule, producing an R33(1 0) graph set motif (assuming one of the unlocated 
water H atoms is involved in an O-H··O hydrogen bond). The oxygen atom of the 
acetone molecule forms an O-H"··O hydrogen bond with the inner carboxyl group, in 
addition to a C-H"··O hydrogen bond utilising an aromatic CH group of a 
neighbouring acid molecule. An acetone methyl CH group is also suitably placed to 
form a weak hydrogen bond with the carbonyl oxygen of one of the outer carboxyl 
groups. The interactions involving acetone result in R22(11) and R23(l4) ring motifs. 
The ability of acetone to contribute to the weaker hydrogen bonding observed here 
mirrors that seen in the dimethylsulfoxide (DMSO) solvate of pyromellitic acid, in 
which DMSO binds to the carboxyl groups by acting as a hydrogen bond acceptor in a 
strong O-H"··O interaction and a hydrogen bond donor in a complementary C-H··O 
interaction.ss 
\ 
\ 
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Figure 2.61. View of the hydrogen bonding motifs in co-crystal 20. 
Close 0···0 contacts using 0(8) are shown with dashed lines. 
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Strong hydrogen bonds between the planar layers, which extend in the be plane, 
utilising water molecules and 0(3) of the inner carboxyl group of the H3HMA 
molecules are implied by the short 0···0 distance (2.S02( 4) A), forming a three-
dimensional structure. 
Only one acetone solvate of any member of the benzenepolycarboxylic acid family, 
that of trimesic acid,63 has been previously characterised by single crystal X-ray 
diffraction. Insufficient data is available in the CSD for this structure to allow 
investigation of the hydrogen bonding interactions, in order to compare with those 
observed in 20, and numerous attempts to reproduce the trimesic acid-acetone solvate 
have failed to produce single crystals. 
The geometry of the H3HMA molecules in solvates 14-20 agree well with that seen in 
the determinations of H3HMA·2H20.53-55 The 1,2,3-substitution pattern of the 
carboxylic acid functionality in H3HMA results in the twisting of the inner carboxyl 
group away from the plane of the aromatic ring to limit the steric hindrance between 
neighbouring groups. The dihedral angles of the three carboxyl groups with respect to 
the aromatic ring in each H3HMA molecule in 14-20 are listed in Table 2.22. 
Generally, the outer carboxyl groups are close to co-planarity with the aromatic ring, 
while the inner group lies close to perpendicular to the ring. Interestingly, the three-
dimensional structure, H3HMA·PriOH 18, has the greatest deviations of the outer 
carboxyl groups from co-planarity with the ring while the inner carboxyl group 
displays the greatest deviation from being perpendicular to the ring, this conformation 
presumably maximising the H3HMA molecule's hydrogen bonding capability. The 
H3HMA molecules in the other three-dimensional structure listed in Table 2.22, 
H3HMA·Me2CO·H20 20, show good similarity to those in the remaining examples 
(H3HMA·2H20, 14-17 and 19) as the extension of the similar planar sheet structure 
into the third dimension utilises the second donor OH group of the water molecule, 
rather than another H3HMA molecule as seen in 18. 
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Table 2.22. Dihedral angles (j of the carboxyl groups of H3HMA in its solvent 
inclusion compounds. 
H3HMA·2HI054 
H3HMA·2H10 55 
H3HMA'MeOH 14 
H3HMA·EtOH 15 
2H3HMA'Pr"OH 16 
H3HMA·PtOH 18 
H3HMA'Bu'OH 19 
H3HMA·acetone·H10 20 
Outer carboxyl 
4.5 
9.6 
15.75 (18) 
16.61 (17) 
2.3 (5) 
6.0 (4) 
13.1 (2) 
23.80 (19) 
35.84 (17) 
16.86 (15) 
3.37 (13) 
Inner carboxyl 
86.8 
87.2 
78.50 (8) 
78.34 (7) 
86.50 (9) 
84.68 (8) 
75.94 (6) 
73.34 (5) 
67.47 (14) 
79.32 (8) 
86.56 (14) 
Outer carboxyl 
10.3 
4.1 
19.92 (18) 
22.13 (18) 
4.1 (6) 
10.3 (5) 
20.5 (2) 
21.9 (2) 
27.12 (16) 
11.2 (2) 
11.48 (9) 
The use of Platon86 to analyse the solvent accessible voids within the "solvent-free" 
structures of 14-20 allows the calculation of the percentage of the volume of each 
structure accessible to the relevant solvents (Table 2.23). The 3.8 % expansion in the 
c unit cell axis of 14 (MeOH) to give 15 (EtOH) is obvious in that an extra 4.9 % of 
the unit cell volume in 15 is available for solvent inclusion. While the solvates 
bearing a 2: 1 stoichiometry (16 and 17) have a clear correlation in their unit cell 
dimensions and hence the solvent accessible volume due to the similar steric 
requirements of MeCN and Pr"OH respectively, the 1:1 alcohol solvates (14, 15, 18 
and 19) show a large increase in the solvent accessible volume with the increasing 
alcohol size. The effect is less pronounced in 14 (MeOH) and 15 (EtOH), however the 
change to the more sterically-demanding, branched alcohols in 18 (peOH) and 19 
(Bu'OH) requires a modification in the close-packing of the H3HMA molecules to 
give a three-dimensional structure in the case of 18 and an undulating sheet structure 
in the case of 19. Presumably, the inclusion of the straight chain BunOH using a 
speculative structure based on those of 16 (Pr"OH) and 17 (MeCN) would expand the 
distance between H3HMA molecules to a greater extent than nature's abhorrence of 
empty space will allow, resulting in the observed preference of the inclusion of the 
smaller H20 molecules over BunOH molecules. 
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Table 2.23. Summary of Platon86 calculations ofthe solvent accessible volume in 
the solvent-free structures of compounds 14-20. 
Solvent accessible Cell volume 0/0 cell volume 
volume (A) (A) accessible 
H3HMA'MeOH 14 103.6 517.6 20.0 
H3HMA·EtOH 15 139.8 560.5 24.9 
2H3HMA'Pr"OH 16 194.3 1045.3 18.6 
2H3HMA·MeCN 17 171.5 997.4 17.2 
H3HMA·P.-iOH 18 403.4 1261.5 32.0 
H3HMA'Bu'OH 19 610.1 1427.6 42.7 
H3HMA·Me2CO·H20 20 431.4 1292.6 33.4 
Analysis of solvates 14 (MeOH), 15 (EtOH) and 18 (Pr'OH) allows the approximate 
dimensions of the solvent-filled cavities to be determined and compared to those seen 
in H3HMA·2H20 (Table 2.24) [cavity dimensions have been estimated from the 
positions of the non-solvent atoms closest to the centre of the cavity]. Due to their 
similar brick-wall lamellar structures, 14 and 15 have almost identical cavity 
dimensions to those seen in H3HMA·2H20. However, the branched nature of PriOH 
and the subsequent modification in the H3HMA hydrogen bonding network from a 
brick-wall, two-dimensional lamellar form in 14 and 15 to a herringbone, three-
dimensional array in 18 produces cavities of differing dimensions. 
Table 2.24. Comparison ofthe approximate dimensions of the cavities in 14, 15 
and 18 compared to those seen in H3HMA·2H20.5.J.SS 
H3HMA·2H20S3-SS 
H3HMA'MeOH 14 
H3HMA'EtOH 15 
H3HMA·P.-iOH 18 
Approximate cavity dimensions (A) 
4.7 x 14.6 
4.9 x 13.8 
5.3 x 13.6 
8.9 x 11.3 
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2.3. Conclusions 
Low temperature single crystal X-ray diffraction has enabled the elucidation of five 
examples of pyridine-benzenepolycarboxylic acid co-crystals, novel contributions to 
the extensive research into the occurrence of carboxylic acid-pyridine motifs in co-
crystals. TGA analysis usefully relates pyridine loss for two of the examples, to 
hydrogen bond length/strength observed in the structures. Extensive hydrogen 
bonding exists within the structures, with the common carboxylic acid R22(8) head-to-
tail ring motif absent in all cases. Interestingly, while the carboxylic acid-pyridine 
R22(7) synthon (in both its neutral and ionic forms), considered by many authors to be 
robust and predictable,56,69,73 is observed in I and 3, it is absent from 4 and 5 and only 
exists using one of the three carboxylic acid groups in 2. This perhaps indicates a 
weakness in the predictability of the R22(7) synthon when using simple pyridine 
derivatives in combination with highly oxygenated carboxylic acids. In their place are 
a series of motifs in which strong hydrogen bonds (O-R"N and W-H"O') combine 
with weaker interactions (C-R"O). This variety, coupled with the varying geometries 
and extent of carboxylic acid substitution of the benzenepolycarboxylic acids 
employed, has led to the creation of a range of supramolecular arrays, from discrete 
units to ribbons and helices. 
The three new examples of DMF c1athrates presented here show that the presence of 
DMF as the co-crystallisation solvent can limit the dimensionality of the resulting 
solid-state structure, compared with that of the parent benzenepolycarboxylic acid and 
its other solvent-inclusion c1athrates. This limitation is due to the binding of the DMF 
molecules to the often extensively hydrogen-bonded carboxyl groups via the R22(7) 
synthon. While the inclusion of water molecules in 9 helps produce a more extended 
structure, the dimensionality of the co-crystal will, of course, also depend on the 
nature of the solute molecule. Comparisons with the two-dimensional structure of 
H3 TMA-2DMF 6 imply that both the number and relative positions of the carboxyl 
groups in the benzenepolycarboxylic acid molecules can lead to a range of hydrogen-
bonded supramolecular structures with varying dimensionalities. 
Following on from the inclusion of MeOH molecules into the structure of trimesic 
acid, the incorporation of diols into the solid state structure of trimesic acid has 
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created the expected linked hydrogen bonded arrays. The two alcohol groups in the 
diols hydrogen bond in different ways to the trimesic acid molecules, creating layers 
of trimesic acid linked through the two alcohol groups. However, the use of longer 
chain diol molecules did not result in a greater distance between linked trimesic acid 
molecules. 
The common head-to-tail carboxylic acid-acid K 2(8) dimer motif combines with a 
variety of solvent-inserted hydrogen bonding motifs, including the R33(1 0) singly-
bridged alcohol-inserted motif, producing a range of solvent-included clathrate 
compounds of H3HMA. The modification of the solvent molecule causes a variation 
in the hydrogen bonding array of the 1,2,3-substituted H3HMA molecules, with the 
resulting clathrates having brick-wall, herringbone or lamellar architectures. In a 
number of cases, solvent-filled cavities were formed within the structures. 
The solvates that have been presented here may be considered as isolatable 
intermediates in the process of dissolution of the solid acids. The analysis of the 
compounds provides information on the varied hydrogen bonding patterns they can 
adopt, which can only contribute to the current level of understanding in solid state 
structure prediction. 
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2.4. Experimental 
Materials 
All materials were used as received, with no particular precaution taken to avoid the 
presence of water. 
Physical Measurements 
FT-IR spectra were collected in the range 4000-250 cm-I usmg a Perkin Elmer 
Paragon 1000 PC spectrometer and microanalyses were carried out using a Perkin 
Elmer 2400 elemental analyser. Desolvation temperatures were measured using an 
Electrothermal IA6304 melting point apparatus and are uncorrected. 
Syntheses 
In all cases, except for compounds 5, 7 and 16, the solvent clathrate compounds were 
crystallised by allowing a filtered solution of the desired benzenecarboxylic acid 
(typically 50-lOO mg; warmed where necessary) to slowly evaporate over a period of 
up to a week at room temperature. In the crystallisation of 5, pyromellitic acid was 
crystallised with pyridine using an H-tube, where one vertical tube was charged with a 
methanolic solution of pyromellitic acid and the other with pure pyridine, while the 
horizontal cross-tube was filled with pure methanol. The H-tube was sealed and 
stored at room temperature for five days, during which time X-ray quality crystals of 
5 and its pseudopolymorph41 [Hpyridineh.[H2PMAf;;7 (identity confirmed via unit 
cell check) grew in each of the vertical tubes. X-ray quality colourless crystals of 7 
were obtained by diffusing Et20 into a solution of terephthalic acid in DMF and then 
placing the resulting solution in a freezer (ca. 258 K) overnight. In the case of 16, a 
hot, filtered Pr"OH solution of the dihydrate was slowly cooled to room temperature 
to produce X -ray quality crystals. 
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2.4.1. Characterisation Data 
1 Terephthalic acid bis(pyridine) solvate, H2 T A'2pyridine 
Colourless crystals, observed to desolvate over the temperature range 45-50 QC. 
IR \)max(Nujol)/cm"1 3200-2500 (br, OH), 3086 and 3056 (aromatic C-H), 1680 (s, 
C=O), 1574 and 1509 (aromatic C=C), 1286, 1136, 1112 and 1020 (C-O), 934, 872 
and 723 (aromatic C-H). 
Analysis calculated for C1sH16N204: C, 66.66; H, 4.97: N, 8.64. Found: C, 66.18; H, 
5.02; N, 8.85 %. 
2 Trimesic acid tris(pyridine) solvate, H3 TMA'3pyridine 
Colourless crystals, observed to desolvate over the temperature range 60-70 QC. 
IR \)max(Nujol)/cm"1 3500-2500 (br, OH), 3106, 3085 and 3065 (aromatic C-H), 1712 
(s, C=O), 1681, 1674, 1667 and 1659 (C=N), 1615, 1586 and 1557 (aromatic C=C), 
1218, 1192 and 1177 (C-O), 756, 745, 707, 688, 678 (aromatic C-H). 
Analysis calculated for C24H21N306: C, 64.43; H, 4.73; N, 9.39. Found: C, 64.64; H, 
4.79; N, 9.83 %. 
3 Pyridinium hydrogen phthalate, [HpyridinenHPAr 
Colourless crystals, mp 77-80 QC. 
IR \)max(KBr)/cm"1 3099 and 3064 (aromatic C-H), 2500 (OH), 17\3 (s, C=O), 1665 
(w, C=N), 1551 (asymm. C02"), 1486, \374 (symm. CO2"), 1250, 1195, 1\31 and 
1079 (C-O), 953, 903, 853, 794, 806, 757 and 726 (aromatic C-H). 
Analysis calculated for C13HIIN04: C, 63.67; H, 4.52; N, 5.71. Found: C, 63.81; H, 
4.55; N, 5.94 %. 
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4 Iso phthalic acid pyridine solvate, H2lPA·pyridine (salt minor component) 
Colourless crystals, mp 50-60°C. 
IR umax(Nujol)/cm-1 3096 (w, pyridinium N-H, aromatic C-H), 1732 and 1670 (C=O), 
1608 (aromatic C=C), 1283, 1144, 1069 and 1057 (C-O), 759, 725, 696 and 675 
(aromatic C-H). 
Analysis calculated for C\3H\lN04: C, 63.67; H, 4.52; N, 5.71. Found: C, 63.30; H, 
4.56; N, 5.98 %. 
5 Pyridinium trihydrogen pyromellitate, [HpyridinenH3PMAr 
Colourless crystals, observed to desolvate at 30°C. 
IR umax(KBr)/cm-1 3234, 3179 (pyridinium N-H), 3094 and 3068 (aromatic C-H), 
2487 (br, OH), 1706 (C=O), 1633 (C=N), 1579 (asymm. CO2-), 1490, 1348 and 1327 
(symm. C02"), 1286, 1159, 1141, 1062 and 1019 (C-O), 980, 951, 866, 805, 761, 755 
and 732 (aromatic C-H). 
Due to rapid desolvation at rt, slightly wet samples of 5 were subjected to 
microanalysis. Analysis calculated for C1sH\lN08: C, 54.06; H, 3.33; N, 4.20. 
Calculated for pyromellitic acid·1.40 pyridine, C17H\3NI.408 C, 55.96; H, 3.59; N, 
5.37. Found (average of several samples): C, 55.99; H, 3.65; N, 5.47 %. 
7.Terephthalic acid bis(DMF) solvate, H2TA·2DMF 
The crystalline sample proved unstable under ambient conditions and hence no further 
data are available. 
8 Pyromellitic acid tetra(DMF) solvate, ~PMA·4DMF 
Colourless crystals (mp 39-49 0C). 
IR umax(Nujol)/cm-1 3500-2500 (br, OH), 2461 (OH), 1916, 1709, 1659 and 1642 
(C=O), 1556 (C=C), 1255 and 1106 (C-O), 922,816,758 and 672 (aromatic C-H). 
Analysis calculated for C22H34N4012: C 48.35, H 6.27, N 10.25. Found: C 48.66, H 
6.20, N 9.90%. 
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9 Hemimellitic acid bis(DMF) solvate monohydrate, H3HMA·2DMF·H20 
Colourless crystals, observed to desolvate over the temperature range 120-124 QC, mp 
190°C. 
IR umax(KBr)/cm-l) 3443 (br, OH), 3079 (aromatic C-H), 2976 and 2936 (sp3C-H), 
2777 (aldehyde C-H), 1704 and 1622 (s, C=O), 1583 (C=C), 1460, 1436, 1425, 1414 
and 1374 (sp3C-H), 1308, 1270, 1210, 1175, 1157, 1112, 1064, 1020 and 1008 (C-O), 
905,810,792 and 782 (aromatic C-H), 678, 671. 
Analysis calculated for ClsH22N209: C 48_13, H 5.92, N 7.48. Found: C 47.82, H 
6.25, N 7.93 %. 
Compounds 10, 11 and 14-18 
Compounds 10 and 11 were synthesised by Simon Richards and compounds 14-18 
were synthesised by Augusta Coombs. Experimental data are published in references 
82 and 83 respectively. 
12 Trimesic acid ethylene glycol solvate, H3 TMA ·ethylene glycol 
Colourless crystals, observed to desolvate over the temperature range 188-191 °c . 
IR umax(Nujol)/cm-1 3387 (br, glycol OH), 2929 and 2870 (s/C-H), 2500 (acid OH), 
1698 and 1666 (C=O), 1454 and 1370 (s/C-H), 1252,1216,1168,1086 and 1045 
(C-O), 883 and 863 (aromatic C-H), 739, 670 and 522. 
Analysis calculated for C11HI20 8: C, 48.54; H, 4.44. Found: C, 48.54; H, 4.57 %. 
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13 Trimesic acid ci5-but-2-ene-l,4-diol solvate, H3TMA'ci5-but-2-ene-l,4-diol 
Colourless crystals, observed to desolvate over the temperature range 96-98 QC. 
IR umax(Nujol)/cm·1 3364 (br, alcohol OH), 3023 (alkene/aromatic siC-H), 2925 and 
2855 (s/C-H), 2632 and 2531 (acid OH), 1722 and 1697 (s, C=O), 1610 (alkene 
C=C), 1455, 1406 and 1326 (sp3C-H), 1290, 1222, 1174, 1102, 1029 and 963 (C-O), 
804,740 and 668 (aromatic C-H). 
Analysis calculated for C 13HI40g: C, 52.35; H, 4.73. Found: C, 52.45; H, 4.90 %. 
19 Hemimellitic acid I-butanol solvate, H3HMA'Bu'OH 
Colourless crystals, observed to desolvate at 80 QC. 
IR umax(KBr)/cm·1 3409 (br, alcohol OH), 3098 (aromatic C-H), 2974 (siC-H), 1712 
(s, C=O), 1586 (C=C), 1470, 1393, 1373 and 1347 (sp3C-H), 1295, 1223,1198,1131 
and 1069 (C-O), 894, 814, 771 and 750 (aromatic C-H). 
Analysis calculated for C13HI607: C, 54.93; H, 5.67. Found: C, 54.93; H, 5.73 %. 
20 Hemimellitic acid acetone solvate monohydrate, H3HMA·Me2CO·H20 
Colourless crystals of 20 were found to be unstable at ambient conditions due to rapid 
desolvation, preventing the acquisition of further data. 
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2.4.2 Crystallographic Experimental 
Data for compounds 1, 10, 11, 14, 15, 16 and 17 were collected using a Bruker AXS 
SMART IK CCD diffractometer using graphite·monochromated Mo-Ka radiation (A 
= 0.71073 A). Data for compound 2 were collected using a Bruker AXS SMART IK 
CCD diffractometer using synchrotron radiation (A = 0.6890 A) at Daresbury SRS 
Station 9.8.87,88 Data for compounds 3-9, 12, 13, 19 and 20 were collected using a 
Bruker AXS SMART 1000 CCD diffractometer using graphite-monochromated Mo-
Ka radiation (A = 0.71073 A). Data for compound 18 were collected on a Stoe-
Siemens diffractometer using nickel-filtered Cu-Ku radiation (4 = 1.54178 A). 
All structures were solved by direct methods and refined by full-matrix least-squares 
methods on V. All H atoms, except water H atoms, were placed in geometrically 
calculated positions and were refined using a riding model (aryl C-H 0.95 A, methyl 
C-H 0.98 A, methylene C-H 0.99 A, methine C-H 1.00 A, aldehyde C-H 0.95 A, 
hydroxyl O-H 0.84 A). Uiso(H) values were set to be 1.2 times Ueq of the carrier atom 
for aryl CH and methine CH, and 1.5 times Ueq of the carrier atom for OH and CH3. 
Water H atoms in 9 were located in the difference Fourier map and the coordinates 
allowed to freely refine, however water H atoms could not be located in 20. The 
coordinates of OH and NH hydrogen atoms in compounds 1-6, 8, 9, 12-15 and 17-19 
were then allowed to refine freely. The coordinates of the OH hydrogen atoms in 
compound 16 were refined using restraints on the O-H bond length. The coordinates 
of CH hydrogen atoms were allowed to refine freely in compounds 1 and 2. 
Compound 4 was found to contain a disordered O-R··N (major) M-H··O' (minor) 
hydrogen bond and the hydrogen atom was modelled over two positions located in the 
difference Fourier map, with refined occupancies H(l):H(lX) = 58(6):42(6) %. Two 
data sets were collected from different crystals of compound 4, and both produced the 
same result. Rotational disorder in one of the carboxyl groups with complementary 
disorder in the aldehyde group of the DMF molecule to which it is hydrogen bonded 
were apparent in compound 7. Both the carboxyl group and the aldehyde group were 
modelled over two sets of positions, with refined occupancies 82.8(4):17.2(4) %, 
using restraints on the geometry of the two groups. The coordinates of OH hydrogen 
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atoms in compound 7 were refined with restraints on the O-H bond length due to the 
disorder in the carboxyl group. 
The appropriate twin law for compound 20 (1800 rotation about the a axis) was 
determined using ROTAX.84 Two alternate positions for H(I) in 20 were found in the 
difference Fourier map, and the two half-weight hydrogen atoms were located from 
the difference Fourier map and refined using a riding model (O-H distance 0.84 A). 
The remaining OH hydrogen atoms in 20 were initially placed in geometric positions 
and then refined using restraints on the O-H bond length. 
Programs used during data collection, refinement and production of graphics were 
Bruker SMART," Bruker SAINT,46 SADABS,47 Bruker SHELXTL,48 Stoe and Cie 
DIF489,9(l and local programs. 
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3. The Metal-Organic Supramolecular Chemistry of Hemimellitic Acid 
3.1. Introduction 
Crystal engineers strive to create functional, supramolecular materials91 for use in a 
number of areas, many of which have industrial applications, including:-
• Catalysis (including chiral applications) 
• Magnetism 
• Conductivity 
• Luminescence 
• Spin transitions 
• Non-linear optics 
• Porosity and zeolitic behaviour. 
An area of particular current interest is the synthesis of porous, metal organic framework 
(MOF) solids,92.94 especially suited to the inclusion of guest (often solvent) molecules, 
although only limited success has been achieved due to the frequent collapse ofthe three-
dimensional networks upon removal of the guest molecules. One notable example of 
success is from the work ofSeo and co-workers,95 who have produced an open hexagonal 
framework capable of enantioselective separation and catalysing transesterification. 
Zaworotko and co-workers have investigated the formation of organic networks56,67,96 as 
well as metal-organic frameworks,20,24,97.101 with informative publications concerning 
supramolecular isomerism and polymorphism.22,3S Yaghi and co-workers have 
synthesised numerous examples of MOFs,102-109 many of which utilise members of the 
benzenepolycarboxylic acid family (Figure lA). Yaghi's C02+/trimesic acid (H3TMA) 
MOF107 remains intact upon removal of its pyridine guest molecules and displays 
selectivity for aromatic guest molecules. Zn2+/terephthalic acid (H2 TA) networks have 
been shown to selectively and reversibly include short chain alcohols and primary and 
secondary amines,108 and have displayed reversible N2 and CO2 gas sorption. I09 
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Rigid organic molecules bearing functionality capable of participating in hydrogen 
bonded supramolecular synthons1o,19 in addition to coordination bonds have probably 
received the most interest. The benzenepolycarboxylic acid family possess such robust 
functionality in their carboxylic acid groups, with the substitution pattern of the carboxyl 
groups introducing diversity into the networks produced. 
A search of the Cambridge Structural Oatabase4o (hereafter "the CSO", version 5.25, plus 
2 updates, April 2004) highlights the extensive use of the most common members of the 
benzenepolycarboxylic acid family in the synthesis of metal salts (Table 3.1), namely 
phthalic acid (H2PA), terephthalic acid (H2TA), trimesic acid (H3TMA) and pyromellitic 
acid (H4PMA). 
Table 3.1. Summary of metal salt structures held in the CSD (April 2004 update)." 
Group 1 L·+ 110 N + III I , a , 
K+.1I2 Rb+,1I3 
CS+1I4 
Li+:23 Na +:23 
K+I23 
Group 2 Mi+: 15 Ca2+: 16 Mg2+:24 Ca2+:25 
S~+,1I7 8a2+118 S~+:26 8a2+126 
d-block Mn2+,1I9 C02+: 20 Mn2+:24 Fe2+:24 
Total 
in CS Ob 
Ni2+:21 CU2+t22 C02+:27 CU2+: 28 
Zn2+129 
197 235 
~PMA 
Li+.138 Na+:39 K+:40 
CS+l41 
Ca2+:30 S~+,\3I Mg2+:42 Ca2+:43 
8a2+131 8a2+142 
Mn2+,132 Fe2+:33 Mn2+:44,14S Fe2+:46 
C02+.134 Ni2+,135 C02+:44,147 Ni2+:45 
CU2+:32,136 CU2+:48 Zn2+t49 
Zn2+137 
138 138 
a Selected references show salts solely of the metal ion, the benzenepolycarboxylate in 
question and water molecules. 
b Total number of metal salts in the CSO includes all mixed-ligand and mixed-metal 
systems, without the removal of redeterminations. 
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The least studied of the commercially available benzenepolycarboxylic acids are 
undoubtedly mellitic acid (H6MA), isophthalic acid (H2IPA) and hemimellitic acid 
(H3HMA), with mellitic acid being the most expensive of the family. 
Limited success has been achieved by the current author using H2IPA, with the synthesis 
and characterisation of the Ca2+ salt (which has been published in Acta Cryst. C and will 
not be discussed here any further),'50 however the crystallisation of Group I and other 
Group 2 metal salts has not yet proven possible. 
Pech and Pickardt crystallised the first examples of metal salts (CU2+15' and Ni2+'52) of 
H3HMA, a compound utilised in only nine entries in the CSD, three of which are 
structural determinations of the commercially available dihydrate. 53-SS The Cu2+ salt,'s, 
Cu(H2HMAMH20k3H20, is five-coordinate (N.B. the Cu(lI) aqua ion itself is now 
thought to be five-coordinate' SJ), having two [H2HMA r ligands coordinated to the metal 
centre through one carboxylate oxygen atom from each ligand. The remaining three 
coordination sites are filled with water molecules, each of which was found to be 
disordered over two sites (Figure 3.1). The three water molecules of crystallisation 
maintain an extensive hydrogen bonding array. 
0(41 
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Figure 3.l. View of Cu(H2HMAh(H20h·3H20.·5. 
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The Ni2+ salt of H3HMA, [Ni(H20)6][H2HMAh-4H20 incorporates a hexaaquo 
[Ni(H20)6]2+ cation with two [H2HMA r anions hydrogen bonded to opposite sides of the 
cation. IS2 As with the Cu2+ salt, deprotonation only occurs at the inner carboxyl group, 
and there are hydrogen bonds between the water molecules of crystallisation and the 
anions and cations (Figure 3.2). 
I 
I 
Q!O'~OI101 
The other two examples of metal salts of H3HMA are C02+ salts synthesised 
hydrothermally, by Gutschke and co-workers, from a mixture of NaOH, CoCh and 
H3HMA-2H20.154 Both examples contain coordinated, fully deprotonated [HMAt 
ligands, in addition to hydroxide ligands, and each has two unique C02+ cations. One 
structure contains tetrahedral and octahedral metal centres, while the other has two 
crystallographically independent octahedral cations. The first salt, 
[C04(HMAh(OHh(H20)2-H20]n, is three-dimensional with channels running parallel to 
the a axis, however in the second salt, [C04(HMA)z(OH)z]n (Figure 3.3), a layered 
structure occurs with "weak interlayer interactions", resulting in plate-like, brittle 
crystals. 
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Figure 3.3. Packing plot of {Co4(HMAl2(OHhln.l54 
The limited previous investigations using H3HMA have identified this acid as a suitable 
molecular building block for the creation of supramolecular arrays, particularly those 
incorporating a combination of coordination and hydrogen bonds. 
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3.2. Results and Discussion 
3.2.1. Crystal Structures of Novel Wand M2+ Salts of H3HMA 
The syntheses of compounds 21-36 proceeded smoothly, with X-ray quality crystals 
readily formed. Initial experiments using MeOH as the reaction solvent resulted in the 
isolation of methyl 2,6-dicarboxybenzoate.8o This structure has been published in Acta 
Cryst. C and will not be discussed any further here. The crystal structure determination of 
the Li+ salt 21 of H)HMA has proven problematic. Two data sets collected at 
Loughborough were hindered by a lack of intensity and inherent twinning. Data collected 
by the EPSRC National X-ray Service at Daresbury Laboratory has allowed the location 
of the Li+ cations and water H atoms. A discussion of the structure of the Li+ salt will 
follow that of the structures of the other Group I metal salts. The I: I Na + salt 22 of 
H)HMA, isostructural to K+ salt 23, displays the stoichiometry Na(H2HMA)(H20)'H20 
(Figure 3.4), with the asymmetric unit containing one complete formula unit. 
®"'S) 
~~--~~~,,~~~~ 
"'0 0161 
Figure 3.4. View of the asymmetric unit of Na(H2HMA)(H20)'H20 22. 
Selected bond lengths and hydrogen bonding parameters are shown in Table 3.2 
and Table 3.3. 
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Table 3.2. Selected bond lengths for 22. 
Na(I)-0(2) 
Na(l)-0(4Y 
Na(l)-0(7) 
2.7091(16) A 
2.3 722( 15) A 
2.4026( 16) A 
Symmetry operations: i_X, I-y, I-z; ii x, 0.5-y, z-0.5. 
Na(I)-0(3) 
Na(l )_0(5)ii 
N a(l )-0(7) ii 
Table 3.3. Selected hydrogen bonding parameters for 22. 
D-HA DAtA D-Ht A HHAtA 
0(8)-H(8A) 0(3) 2.6494(19) 0.89(2) 1.76(2) 
Chapter 3 
2.3818(15) A 
2.4039(15) A 
2.4944(17) A 
D-HAf 
178(2) 
The [H2HMAr ligand is deprotonated at the inner carboxyl group at C(2) of the aromatic 
ring, and the resulting carboxylate ion bridges two symmetry-related Na + cations (Figure 
3.5). The remaining four coordination sites of the six-coordinate metal centre are filled by 
two symmetry-related molecules of water, which act as bridging ligands between two 
metal centres, and two metal-carbonyl oxygen bonds, maintaining charge neutrality. 
Seven-membered rings are formed through the chelation of the metal centre by oxygen 
atoms in adjacent carboxyl groups in the same [H2HMA r ligand, while eight-membered 
rings are formed through the bridging of two metal centres by the carboxylate groups of 
two [H2HMAr ligands. 
Figure 3.5. The coordination sphere of Na + in 22. 
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The packing of 22 and the subsequent compounds in this chapter will be discussed in 
section 3.2.2. 
Crystals of the isostructural K+ salt 23 were observed to be plate-like, with larger blocks 
clearly formed from numerous overlaid plates, just as observed by Gutschke et al. l54 in 
the analysis of the hydrothermal C02+ salts. For many of the "most disagreeable" 
reflections from the structural determination of compound 23, F/ was considerably 
greater than F/, an indicator of possible twinning in the structure. Attempts were made to 
determine the twin law associated with 23 using Rotax,84 but no suitable twin law could 
be found, resulting in a final RI (F>2o(F)) of8.01 %. 
Compounds 24, 25, 28, 29 and 35 discussed below were initially synthesised by Sarita 
Kainth. 155 
Considering Rb + has the same ionic charge as Na + and K+, the Rb + salt 24 of H3HMA 
might be predicted to have a I: I structure similar to that of the Na+ and K+ salts, however 
the larger ionic radius of Rb + leads to a requirement for a higher coordination number. 
Rb + is found to complex to two H3HMA moieties (Figure 3.6) with one disordered proton 
shared between the central carboxylates of the two ligands, maintaining charge neutrality, 
similar to the coordination seen in the H2PA salt of Rb +.lI3b Therefore the asymmetric 
unit contains one half-weight Rb+ cation (located on a two-fold axis), one H3HMA 
moiety bearing the disordered atom H( 4), on the central carboxyl group, modelled at half-
weight, one coordinated water molecule (disordered across a two-fold axis, modelled as 
half-weight) and one water molecule of crystallisation. For simplicity the formula of 24 
will be written as Rb(H2HMA)(H3HMA)(H20)-2H20. 
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Figure 3.6. The coordination sphere of Rb + in 24. 
Selected bond lengths and hydrogen bonding parameters are shown in Table 3.4 
and Table 3.5. 
Table 3.4. Selected bond lengths for 24. 
Rb(I)-O(2) 
Rb(I)-O(4Y 
Rb(l)-O(7) 
2.8202( 18) A 
3.508(2) A 
2.894(4) A 
Symmetry operation: ix_I, y, z. 
Rb(l)-O(3) 
Rb(I)-O(5y 
Table 3.5. Selected hydrogen bonding parameters for 24. 
D-HoA DA/A D-HI A HA/A 
0(4)-H(4) HO(4)i 2.574(3) 0.87(3) 1.70(3) 
Symmetry operation: ix_I, y, z. 
2.9949(14) A 
2.8992( 17) A 
D-HA f' 
175(5) 
The hydrogen atoms of the coordinated water molecule (0(7)) could not be located in the 
Fourier difference map. The Rb+ centre possesses [8+2] coordination, with six close 
metal-carboxyl oxygen bonds spanning the range 2.8202( 18) to 2.9949(14) A and two 
coordinated H20 molecules filling the main coordination sphere. Two longer metal-
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carboxyl oxygen bonds measuring 3.508(2) A are also observed (to O(4A) and O(4C) in 
Figure 3.6). 
In common with the Cs+ salt of H2PA,1I4a the preference of Cs+ for a high coordination 
number results in a similar coordination sphere to Rb+ in 24. [(H2HMA)(HJHMA)r 
coordinates to each metal centre in Cs + salt 25, although in this case the necessary half-
weight hydrogen atom could not be located in the Fourier difference map (Figure 3.7). 
Figure 3.7. The coordination sphere of Cs + in 25. 
Hydrogen atoms except OH have been removed and bonds on (H2HMAr ligands are 
shown as open bonds for clarity. Selected bond lengths for 25 are shown in Table 
3.6. 
Table 3.6. Selected bond lengths for 25. 
Cs(I)-O(I) 
Cs(I)-O(4) 
3.479(4) A 
3.511(3) A 
Cs(I)-O(2) 3.177(5) A 
The asymmetric unit of Cs + salt 25 comprises a quarter of a Cs + cation (occupying a 
special position of 222 symmetry) with half a "[H2.sHMA ]0.5-" anion positioned on a two-
fold axis lying through C(I), C(4), H(4) and C(5). Half of a water molecule of 
crystallisation also lies on a two-fold axis, and the coordinated water molecule also lies 
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on a two-fold axis, bridging two metal centres. A large peak of residual electron density 
(7.1 eA,3, 3.321 A from Cs(\)) lies on the two fold axis halfway between the Cs+ cation 
and its symmetry equivalent. Inclusion of this peak as a disordered position of the 
coordinated water molecule was considered inappropriate as this would have led to a 
linear Cs-O-Cs bond, which is not expected for bridging water molecules. The large 
electron density peak is therefore attributed to unresolved twinning in the crystal (Rotax84 
failed to find a suitable twin law for 25). 
The coordination sphere of each metal centre is completed by eight metal-carboxyl 
bonds, where four are 3.177(5) A in length and four are 3.479(4) A, giving a coordination 
number of 12 and the formula CS(H2HMA)(H3HMA)(H20h·2H20. 
Returning to the Li+ salt 21, analysis of the structural solution indicates the formula 
[Li3(H2HMA)z(H20hl[H2HMA]-H3HMA'5H20 for this salt. There are two 
crystallographically independent Li+ cations; one full-weight pseudo-tetrahedral cation 
Li(\) and one half-weight pseudo-octahedral cation Li(2), positioned on an inversion 
centre. There are two independent full-weight hemimellitate moieties in the asymmetric 
unit, and seven water molecules, of which two are half-weight. Two symmetry-equivalent 
hemimellitate units coordinate to Li(2), while only one coordinates to Li(\), with the 
remaining sites on each cation being filled by bridging (0(13)) and terminal water 
molecules (Figure 3.8). The second unique hemimellitate moiety acts as a second sphere 
ligand,I56,157 and must have a half-weight hydrogen atom on the inner carboxylate group 
to maintain charge neutrality (this hydrogen atom was not located from the difference 
F ourier map). 
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HI1I 
CIB) 
015) 
H16) 
Figure 3.8. The coordination sphere ofLi(l) and Li(2) in 21. 
Second sphere Jigands and water molecules of crystallisation have been removed for 
clarity. 
Despite the relatively high RI value achieved for 21 in the space group P2/C (11.7 %; Rint 
11.6 %), the structure shows many similarities to those of the larger group I metal salts. 
The C-O bond lengths within the C02H and CO2- groups show good correlation, with 
clear distinctions between the protonated and deprotonated groups, in contrast to the 
alternative solution for this structure in the space group P2/m, where many restraints were 
needed to give sensible molecular geometries, with a significantly elevated RI value for 
the overall structure. 
In contrast to the group I metal salts, both the Mg2+ 26 and Ca2+ 27 salts do not display 
metal-carboxyl coordination. Instead both 26 and 27 crystallise as second sphere (outer 
sphere) complexes,'56,157 with two [H2HMAr anions hydrogen bonded to a hydrated 
metal cation. Mg2+ salt 26 is isostructural to the Ni2+ salt in the literature,'52 possessing a 
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[Mg(H20)6)2+ cation, known to exist in 101 structures held in the CSD (April 2004 
update). 
Mg + salt 26 is centrosymmetric, hence the asymmetric unit comprises half a 
[Mg(H20)6)2+ cation (with the Mg2+ cation occupying an inversion centre), one 
[H2HMA)" anion and two uncoordinated water molecules of crystallisation (Figure 3.9). 
Cl4} 
CI3J 
_~"" O(1)~ 
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Figure 3.9. View of (Mg(H20)6) [H2HMAh·4H20 26. 
Selected hydrogen bonding parameters for 26 are given in Table 3.7. 
Table 3.7. Selected hydrogen bonding parameters for 26. 
D-HHA 
0(8)-H(88) 0(2) 
0(9)-H(9A) 0(3) 
O( I O)-H(I OA) 0(3) 
O(lI)-H(lIA) 0(5) 
DA/A 
2.6757(17) 
2.8031 (16) 
2.7284(16) 
3.1944(18) 
D-HI A 
0.84(2) 
0.87(3) 
0.83(2) 
0.73(2) 
HA/A 
1.84(2) 
1.95(3) 
1.90(2) 
2.67(2) 
D-HA f' 
\72(2) 
167(2) 
\78(2) 
130(2) 
The [Mg(H20)6)2+ cations hydrogen bond to three stacked layers of [H2HMA)" anions 
(Figure 3.10), with extensive hydrogen bonding between the coordinated water 
molecules, the carboxyl groups and the water molecules of crystallisation. 
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Figure 3.10. Hydrogen bonding of [Mg(H20)612+ cations to three stacked layers of 
acid anions. 
The Ca2+ salt 27, however, incorporates the eight-coordinate square-antlpnsm 
[Ca(H20)s]2+ cation, which exists in only 3 structures held in the CSD. Compound 27, 
[Ca(H20)s][H2HMAh'3H20, is also centrosymmetric, and hence the asymmetric unit 
includes two half [H2HMAr anions (one with a mirror plane in the plane of the aromatic 
ring and one positioned on a two-fold axis lying through C(lO), C(13) and C(l4», half a 
[Ca(H20)s]2+ cation (with the Ca2+ cation lying on a two-fold axis) and three half-weight 
water molecules of crystallisation (Figure 3.11). 
0I15J~ 
, 
, 
, 
Figure 3.11. View of [Ca(H20)s)[H2HMAh'3H20 27. 
Selected hydrogen bonding parameters for 27 are given in Table 3.8. 
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Table 3.8. Selected hydrogen bonding parameters for 27 ([Ca(H20)sI2+···[H2HMAr 
only). 
D-HA DHA/A D-HI A HA/A D-HAf 
O( I O)-H( I OA)0(7) 3.015(3) 0.798(14) 2.55(3) 119(2) 
0(1 I)-H(I lA) 0(7) 2.780(2) 0.815(14) 1.973(15) 170(3) 
0(1 I)-H(I I B) 0(3) 2.989(2) 0.803(14) 2.34(2) 138(3) 
0(1 2)-H(I 2A) 0(6) 2.8055(18) 0.797(14) 2.020(15) 169(3) 
As with the [Mg(H20)612+ cations, the [Ca(H20)sl2+ cations utilise their coordinated H20 
molecules in strong O-H···O hydrogen bonding interactions with three layers of stacked 
acid anions (Figure 3.12), compared to two layers for the smaller, less hydrated Na + and 
K+ salts. 
o 
, 
, 
0114) 
~ 
Figure 3.12. [Ca(H20)sl2+ ions span three layers of acid anions through strong 
hydrogen bonding. 
Both the S~+ 28 (Figure 3.13) and Ba2+ 29 (Figure 3.14) salts of H3HMA, which are 
isostructural, have the metal cations positioned on a mirror plane. Two [H2HMAr ligands 
are coordinated to the metal centres through the two oxygen atoms of the inner 
deprotonated carboxylate group, with the remaining five coordination sites on the nine-
coordinate metals occupied by interactions with one carbonyl oxygen atom of each 
[H2HMAr ligand in addition to three water molecules. Hydrogen atoms were located on 
two of the three coordinated water molecules in 28 and 29, however locating hydrogen 
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atoms on the third coordinated water molecule (containing 0(7) in both cases) proved 
impossible. Both 28 and 29 contain large peaks of residual electron density, positioned on 
the mirror plane, within bonding distance of 0(7) - a 6.8 eA·3 peak situated 1.47 A from 
0(7) in 28, and a 10.24 eA·3 peak situated 1.57 A from 0(7) in 29, perhaps suggesting the 
possibility of the coordination of MeOH to the metal centres. This possibility was 
investigated further. 
Synthesis and crystallisation of 28 and 29 were repeated in triply-distilled water, 
producing crystals which were shown to contain the same large electron density peaks. 
Crystallisation was also attempted in the presence of MeOH, EtOH, Pi'OH or Pr'OH, 
with no change to the crystal structure. While the Rint values for both structures are less 
than 4 %, a number of the "most disagreeable" reflections have Fo2 greater than F/. 
Based on these findings, and the accuracy of the microanalyses for 28 and 29 when the 
solvent molecule is included as water, it has been concluded that the third solvent 
molecule is indeed water, and that the large residual electron density is the result of 
unresolved twinning (Rotax84 did not find a suitable twin law). 
'O-..("Tlcl1l HI1OBI.. 0131 
cm 01101~ H18A1 
HI10Al 
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Figure 3.13. View of Sr(H2HMAh(H20h'2H20 28. 
Selected bond lengths and hydrogen bonding parameters for 28 are shown in Table 
3.9 and Table 3.10. 
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Table 3.9. Selected bond lengths for 28. 
Sr(l }--O(3) 
Sr(1 }--O(S) 
Sr(l }--O(8) 
2.616(4) A 
2.638(4) A 
2.S47(6) A 
Sr(I )-0(4) 
Sr(l)-O(7) 
Sr(l)-O(9) 
Table 3.10. Selected hydrogen bonding parameters for 28. 
D-HA DA/A 
0(1 O)-H(1 08) 0(3) 2.700(S) 
D-HI A 
0.83(2) 
Ht ) 
HA/A 
1.87(2) 
HI10A) 
'\,."'01101 HI1OB)~, 
Figure 3.14. View of Ba(H2HMAh(H20h'2H20 29. 
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2.83S(4) A 
2.5S2(6) A 
2.593(6) A 
D-HHA f' 
173(7) 
elS) 
Selected bond leugths and hydrogen bonding parameters for 29 are shown in Table 
3.11 and Table 3.12. 
Table 3.11. Selected bond lengths for 29. 
8a(l }--O(3) 
8a( 1 }--O( S) 
8a( 1 }--O(8) 
2.781(6) 
2.783(7) 
2.762(8) 
Ba(1)-O(4) 
Ba( 1 }--O(7) 
Ba(I)-O(9) 
Table 3.12. Selected hydrogen bonding parameters for 29. 
D-HA DA/A D-HI A HA/A 
0(6)-H(6) 0(10) 2.673(8) 0.84 1.87 
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2.706(9) 
2.693(10) 
D-HAf' 
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Extension of the investigation to divalent transition metal cations led to the synthesis and 
characterisation of the Mn2+ 30, Fe2+ 31, Co2+ 32, Zn2+ 33, Cd2+ 34 and Pb2+ 3S salts. 
Compounds 30-33 have been found to be isostructural to the triclinic [Mg(H20)6]2+ salt 
and hence to the literature Ni2+ salt,152 with the hydrated C02+ salt 32 differing from the 
coordinated literature C02+ salt which was synthesised in the presence of base under 
hydrothermal conditions.'54 The presence of [M(H20)6f+ cations in second sphere 
complexes of hemimellitic acid is not an anomaly, as similar structures incorporating 
phthalic acid ([M(H20)6] [HPAh; M = CO l20 and Mg;"5 and 
K2[Ni(H20)6][HPAk4H20t58) and pyromellitic acid ([M(H20)6][H2PMA] M = Mg,t42 
Co,t45 Mn,t45 Ni l45 and Znt49a) have been previously determined, in addition to other 
carboxylic acids such as maleic acid ([Mg(H20)6][hydrogen maleate h). t59 
The [H2HMA r ligands in hydrated salts 30-33 all show expected similarities in their 
geometry. Table 3.13 summarises the data held in the CSD for [M(H20).f+ cations (n = 
6, M = Mn, Fe, Co, Mg and Co; n = 8, M = Ca). 
Table 3.13. Selected geometric parameters for [M(H20).e+, taken from the CSD and 
structures 26, 27 aDd 30-33 (n = 6, M = Mn, Fe, Co, Mg, Co; n = 8, M = Ca). 
M CSDa bM_O/A cM_O/A bO_M_OI" cO_M_OI" bO-M-Of cO_M_OI" 
Mg 101 (50) 2.06(2) 2.06(2) 90.0(19) 90.0(12) 179.4(17) 180 
Ca 3 (3) 2.47(5) 2.46(3) 
MD 33 (18) 2.17(3) 2.17(2) 90(3) 90.0(17) 177(4) 180 
Fe 18 (6) 2.08(6) 2.12(2) 90.0(19) 90(2) 179.99(2) 180 
Co 94 (44) 2.08(3) 2.076(16) 90(3) 90.0(16) 179.3(19) 180 
ZD 30 (15) 2.09(3) 2.08(2) 90(2) 90.0(17) 179(3) 180 
a Number of structures held in the CSD (April 2004 update) containing the [M(H,O)"l'+ cation, with 
number of structures used for detennination of 3D parameters in parentheses. Redeterminations have not 
been omitted, but only structures with suitable coordinates stored in the CSD (September 2002 update) 
have been used to determine the average bond lengths and angles. 
b Average bond lengths and angles ITom structures held in the CSD. 
'Average bond lengths and angles from structures 26, 27 and 30-33. 
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While the M-O bond lengths of the [M(H20)n]2+ cations (n = 6, M= Mn, Fe, Co, Mg and 
Zn; n = 8, M = Ca) in the structures presented here are in good agreement with average 
values determined from data held in the CSD, the largest difference (still only 0.04 A) is 
seen in Fe2+ salt 31, a relatively poorly determined structure having RI = 0.0921 [f! > 
2o(f!)], probably as a result of unresolved twinning (Rint = 2.5 %, however the "most 
disagreeable" reflections have F0 2 greater than F/). Care should be taken to avoid over-
analysing the O-M-O bond angles - the centrosymmetric (PI) nature of the [M(H20)6]2+ 
salts in Table 3. \3 results in averaged 90° and symmetry-enforced 180° O-M-O angles, 
although the standard uncertainties provide some information about the deviation of the 
cations from pure octahedral geometry. The largest standard uncertainty in the 90° O-M-
o angles belongs to the Fe2+ structure 31, and consequently this structure shows the 
greatest range in its angles, from 86.5° to 93.5°. Data for [Mn(H20)6]2+ cations taken 
from the CSD show a tendency for the cation to deviate further from pure octahedral 
geometry than the other divalent metals, but this is not observed in the Mn2+ structure 30 
here. 
Numerous authors,.6(1.162 particularly Glusker,.63-165 have carried out literature-based 
analyses and calculated the geometry of [M(H20)n]2+ cations, highlighting local minima 
on the potential energy surface when n = 6 for M = Mg, Mn and Zn. Theoretical, 
calculated M-O distances in octahedral [M(H20)n]2+ cations (M= Mg, 2.113 A; M= Mn, 
2.218 A; M= Zn, 2.129 A) are slightly longer than those found in the structures in Table 
3.13, as a result of deviation of the cations from pure octahedral geometry in the solid 
state. Calculations for the geometry of [Ca(H20)n]2+ imply that Ca2+ prefers a higher 
coordination number (n = 6-8) than Mg2+, MnH and Zn2+, although there is very little 
energy difference between n = 6, 7 or 8, with a calculated M-O length of 2.525 A in 
[Ca(H20)s]2+. At present, no similar information is available for Fe2+ hydrated cations. 
Cd2+ salt 34 showed the coordination of two [H2HMA r units to the metal centre. The 
asymmetric unit of 34 comprises one half-weight Cd2+ cation positioned on a two-fold 
axis with two coordinated water molecules, one coordinated [H2HMAr anion and one 
water molecule of crystallisation (Figure 3.15). The Cd-O bond lengths vary slightly, 
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ranging from 2.2360(9) A for the metal-carboxylate length, through to 2.2871 (10) and 
2.3737(10) A for the metal-coordinated H20 bond lengths. Unlike the other coordinated 
H3HMA salts (22-25, 28 and 29), the Cd2+ centre makes only one bond with each of the 
[H2HMAr Iigands, a property common to the literature Cu2+ salt. 151 
The most distant of the coordinated water molecules, 0(7), is involved in two O-H" 0 
hydrogen bonds within the asymmetric unit, utilising the carbonyl oxygen of each of the 
coordinated carboxylate groups, and it may be this factor that influences its longer Cd-O 
bond length. The distortion effect of this hydrogen bonding can also be seen in the O-Cd-
o bond angles of the pseudo-octahedron, ranging from 85.81 (3) to 98.15(4)°. 
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Figure 3.15. Cd(H2HMAMH20k2H20 34. 
Selected bond lengths and hydrogen bonding parameters for 34 are shown in Table 
3.14 and Table 3.15. 
Table 3.14. Selected bond lengths for 34. 
Cd(l}-O(3) 
Cd(I}-O(8) 
2.2360(9) A 
2.2871(10) A 
Cd(I}-O(7) 2.3737(10) A 
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Table 3.15. Selected bydrogen bonding parameters for 34. 
D-HA 
0(7}-H(78) 0(2) 
0(9}-H(9A) 0(4) 
DAtA 
2.7536(14) 
2.6784(14) 
D-Ht A 
0.785(13) 
0.809(12) 
HA/A 
2.036(13) 
1.872( 13) 
Chapter 3 
D-HAt' 
151.9(19) 
174.6(18) 
In contrast to the H3HMA salts previously discussed, the Pb2+ salt Pb(HHMA) 35 (Figure 
3.16), is anhydrous and possesses a I: I stoichiometry, while all of the other divalent 
metal cations investigated have a 2: I ligand:metal stoichiometry. The same unit cell was 
determined for numerous crystals formed in the H-tube at both low and high acid 
concentration indicating that the 2: I salt did not form with Pb2+. 
Figure 3.16. The coordination sphere ofPb2+ in 35. 
Hydrogen atoms except OH have been removed for clarity. Selected bond lengths 
are shown in Table 3.16. 
Table 3.16. Selected bond lengths for 35. 
Pb( I}-O( I)' 
Pb( I }-O(2); 
Pb( I }-O(3);; 
Pb( I }-O(5);; 
2.887(7) A 
2.543(7) A 
2.778(6) A 
2.805(7) A 
Pb(l}-O(2) 
Pb(1 }-O(3) 
Pb(l}-O( 4);;; 
Pb(l}-O( 5)'v 
2.650(7) A 
2.424(6) A 
2.376(7) A 
2.824(7) A 
Symmetry operations: ; I-x, y+0.5, O.5-z;;; I-x, y-O.5, 0.5-z; ;;; x+ I, y, z; ;v -x, 
y-0.5, 0.5-z. 
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The inner and one outer carboxyl group are deprotonated and are coordinated to the same 
Pb2+ centre, which is in a general position. While the outer carboxylate at C(7) 
coordinates to the metal centre in a bidentate fashion, the inner carboxylate at C(8) 
bridges two metal centres. The remaining coordination sites at each eight-coordinate 
pseudo-square-antiprism metal centre are filled by bonds with three carbonyl oxygens of 
the surrounding [HHMAf anions in addition to a bond to a symmetry related 0(3) of the 
inner carboxylate. 
Crystallisation of Hg2+ salt 36 has not proven possible, with numerous attempts affording 
only powdered material, although lR analysis indicates a similar I :1, coordinated 
structure to that of Pb2+ salt 35, while microanalysis supports the empirical formula 
Hg(HHMA)(H20). 
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3.2.2. The General Packing in the Structures of M' and M2+ Salts of H3HMA 
Salts 21-34 were all observed to have the same crystal packing structure as the literature 
CU2+151 and Ni2+152 salts and one of the C02+ salts. l54 The water molecules of 
crystallisation aid the formation of an extended hydrogen bonding array in two 
perpendicular directions to complement the coordination network, by forming strong 0-
H""O hydrogen bonds with the inner carboxylate group (Figure 3.17(a» and also by 
forming O-H""O hydrogen bonds with the outer carboxyl OH of the [H2HMA]2. ligands 
(Figure 3.l7(b ». 
(b) 
i{)'8B) 
...... ,,-... ........ -...~ ."'", 
().1) 
Figure 3.17. Interactions between carboxyl groups and the water molecules of 
crystallisation result in hydrogen bonding interactions running in two 
perpendicular directions, shown for compound 22. (a) Chains perpendicular to the 
aromatic rings of the [H2HMAr ligands; (b) Chains parallel with the aromatic rings 
ofthe [H2HMAr ligands. 
Selected hydrogen bonding parameters are shown in Table 3.17. 
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Table 3.17. Selected bydrogen bonding parameters for 22. 
D-HA 
0(1 )-H(I) O(sy 
0(6)-H(6)O(S);; 
0(8)-H(SA) 0(3) 
0(8)-H(8B) 0(4);;; 
DAtA 
2.6441(19) 
2.6690(19) 
2.6494(19) 
2.6920(19) 
D-Ht A 
0.83(2) 
0.S7(2) 
0.89(2) 
0.84(2) 
HHAtA 
1.81 (2) 
1.80(2) 
1.76(2) 
1.85(2) 
Symmetry operations:; x, 0.5-y, z-o.5;;; x, 0.5-y, z+0.5; ;;; x, y-I, z. 
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D-HHAr 
176(2) 
173(2) 
178(2) 
175(2) 
In the resulting general structure (Figures 3.18 and 3.19), two-dimensional "sandwich" 
sheets result from the enclosure of the hydrophilic functionality (metal ions, coordinated 
water molecules, water molecules of crystallisation and the carboxyl functionality of the 
[HxHMA](3'X)'ligands) by the relatively hydrophobic aromatic groups of the [HxHMA](3. 
xl- ligands. This general structure allows maximum use of the 1,2,3-substituted carboxyl 
groups of the H3HMA molecule. 
While these "sandwich" layers are held internally by metal-oxygen coordination bonds 
and extensive strong hydrogen bonding, weaker hydrogen bonding interactions hold the 
sheets in close proximity (Figure 3.20). In all cases, including examples from the work of 
Pech and co-workers (Figure 3.21),151,152 C_HHO interactions have been identified 
between carboxyl OH and aromatic CH groups in adjacent layers, and C'O distances 
have been found to be of the order of 3.5 A, consistent with the range of values 
considered significant by Desiraju.'6,17 
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1 
Weak interactions between 
triple layers 
Figure 3.1S. Schematics of the thick sheets observed in the structures of metal salts 
of H3HMA, maintained by coordination and hydrogen bonds within the sheets and 
by weaker C-H"""O hydrogen bonds between the sheets. 
Figure 3.19. Packing plot of 22, viewed along the crystalJographic b axis showing 
two triple layers. Aromatic hydrogen atoms have been removed for clarity. 
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Figure 3.20. Weak C-H"'O interactions between thick sheets in 22. 
Selected hydrogen bonding parameters for 22 are shown in Table 3.1S. 
Table 3.1S. Selected hydrogen bonding parameters for 22. 
D-HA 
O(I)-H(I)HO(8)' 
O(6)_H(6)O(8)ii 
C(4)-H(4)O(6),ii 
C(5)-H(5) O(6)iii 
C(5)-H(5)O(I)iV 
C(6)-H(6A)O(I)'v 
DA/A 
2.6441(19) 
2.6690(19) 
3.546(2) 
3.587(2) 
3.530(2) 
3.595(2) 
D-HI A 
0.83(2) 
0.87(2) 
0.95 
0.95 
0.95 
0.95 
HA/A 
1.81 (2) 
1.80(2) 
2.88 
2.97 
2.86 
2.99 
D-HHA t' 
176(2) 
173(2) 
128 
124 
128 
123 
Symmetry operations: iX, 0.5-y, z-0.5; ii x, 0.5-y, z+0.5; iii I-x, I-y, 2-z; i, I-x, I-y, I-z. 
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Figure 3.21. Hydrogen bonding motifs between tbe layers in 
[Ni(H20)61[H2HMAh-4H20.152 
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Hydrogen bonds are shown by dashed lines. Selected hydrogen bonding parameters 
are shown in Table 3.19. 
Table 3.19. 
Selected hydrogen bonding parameters for [Ni(H20)6)[H2HMAh-4H20.152 
D-HA DA/A D-H I A HA/A D-H At' 
O(I)-H(I) 0(10) 2.693 0.73 1.97 170 
O( 6)-H(2) 0(10)' 2.692 0.83 1.87 169 
C(4)-H(3) 0(6)" 3.593 0.96 2.96 125 
C(5)-H(4) 0(6)" 3.554 0.98 2.92 124 
C(5)-H(4)O(1>:~' 3.548 0.98 2.87 127 
C(6)-H(5) O( I)'" 3.501 0.97 2.79 131 
Symmetry operations· i x-2 y_1 z· ii 2-x I-y -z-1· iii -x -y -z-I 
. , " , , , " . 
The Pb2+ salt 35 is an exception to this general structure. The absence of water molecules 
in the structure (which are present in structures 22-34, in addition to the literature 
examples) forces the formation of carboxyl-carboxylate O-H--O hydrogen bonds, 
creating RI I (8) graph set ring motifs (Figure 3.22). Instead of the co-planar sandwich 
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layers seen in the other salts, adjacent sheets are held at an angle of 69.9° to each other by 
two unique C-H"""O hydrogen bonds which form RI2(5) ring motifs. 
Figure 3.22. Hydrogen bonding motifs in 35. 
Hydrogen bonds are shown as dashed lines. Selected hydrogen bonding parameters 
are shown in Table 3.20. 
Table 3.20. Selected hydrogen bonding parameters for 35. 
D-HA 
0(6)-H(6) 0(1)' 
C(5)-H(5) (06)ii 
C(4)-H(4)0(6),i 
DAtA 
2.587(9) 
3.314(11) 
3.247(10) 
D-Ht A 
0.83(2) 
0.95 
0.95 
Symmetry operations: i x-I, y+ I, z; ii x+0.5, 1.5-y, I-z. 
HAtA 
1.85(8) 
2.76 
2.59 
D-HHA r 
147(14) 
118 
126 
It is possible that the layered nature of the supramolecular arrays and the weak 
intermolecular forces between the two-dimensional layers of the salts of H3HMA IS a 
cause of the unresolved twinning effects seen in salts 21, 23, 28, 29 and 31. 
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3.2.3. Comparison of Structures of M' and M2+ Salts of H3HMA to Related 
Compounds 
As observed in HJHMA·2H20, its numerous solvent inclusion compounds (see Chapter 2 
for further details) and derivatives such as its 2-methyl ester,80 the inner carboxyl group 
of the [HxHMA](3-x)- ligands in the salts of HJHMA discussed here lies approximately 
perpendicular to the plane of the aromatic ring to minimise the steric repulsion between 
the adjacent carboxyl groups (Table 3.21). Due to ambiguities in atom labelling between 
structures, especially literature examples, the carboxyl groups are noted as simply inner 
and outer. The largest deviation of the outer carboxyl groups from co-planarity with the 
aromatic ring of the [HxHMA](J-x)- ligand is seen in Pb2+ salt 35, presumably as the ligand 
adapts to maximise the hydrogen bonding in the system in the absence of linking water 
molecules_ Ca2+ salt 27 shows co-planarity of the two outer carboxyl groups in one of its 
independent second sphere ligands lying on a mirror plane. The largest deviations of the 
carboxyl groups from co-planarity with the aromatic ring in the compounds listed in 
Table 3.21 are observed in the solvate HJHMA'PriOH,83 this compound being unique in 
that it is the only example in the table which adopts a three-dimensional hydrogen 
bonding array maintained by the carboxylic acid groups. 
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Table 3.21. Twist angles (") of the carboxyl groups versus the benzene ring of 
HJHMA and its anions in a range of solvent inclusion compounds, derivatives and 
salts. 
Outer Inner Outer Ref. 
carboxyl carboxyl carboxyl 
HJHMA·2H2O 4.5 86.8 10.3 54 
HJHMA·2H2O 9.6 87.2 4.1 55 
HJHMA·2DMF·H20 9 29.72(12) 81.54( I 0) 3.61(6) 62 
HJHMA·MeDH 14 15.75 (18) 78.50 (8) 19.92(18) 83 
HJHMA·EtOH 15 16.61 (17) 78.34 (7) 22.13 (18) 83 
2HJHMA·PrDOH 16 2.3 (5) 86.50 (9) 4.1 (6) 83 
6.0 (4) 84.68 (8) 10.3 (5) 
2HJHMA·MeCN 17 13.1(2) 75.94 (6) 20.5 (2) 83 
23.80 (19) 73.34 (5) 21.9 (2) 
HJHMA·PriOH 18 35.84 (17) 67.47 (14) 27.12 (16) 83 
HJHMA·Bu'OH 19 16.86 (15) 79.32 (8) 11.2 (2) 83 
HJHMA·MC}CO·H20 20 3.37 (13) 86.56 (14) 11.48 (9) 83 
H2MeHMA 16.12(19) 76.67(4) 20.56(18) 80 
Na+ salt 22 17.39(4) 79.48(7) 18.31(7) 
K+ salt 23 10.4(2) 83.8(2) 14.91(10) 
Rb+ salt 24 5.2(3) 89.00(7) 2.1 (4) 
Cs+ salt 25 0.34(1 ) 89.5(2) 
Mi+ salt 26 0.60(17) 85.81(5) 3.98(18) 
Ca2+ salt 27 0 63.42(11) 0 
3.25(2) 87.13(12) 
Sr2+ salt 28 6.5(2) 87.96(19) 6.7(3) 
8.0(4) 84.91(18) 15.1(3) 
Ba2+ salt 29 4.8(8) 88.5(2) 7(4) 
Mn2+ salt 30 4.42(3) 86.10(7) 0.67(3) 
Fe 2+ salt 31 4.14(12) 86.1 (3) 1.79(10) 
Co2+ salt 32 4.2(3) 85.55(9) 0.7(3) 
Ni2+ salt 1.2 86.0 3.5 152 
Cu2+ salt 19.0 83.1 15.0 151 
Zn2+ salt 33 0.5(4) 86.08(13) 3.9(4) 
Cd2+ salt 34 17.86(4) 82.00(5) 17.61(4) 
Pb2+ salt 35 19.8(9) 86.4(6) 27.2(11) 
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3.2.4. Is There a Correlation Between the Division Between Second Sphere and 
Coordinated Complexes and the Water Exchange Rate for Each Metal? 
Structural characterisation of the 14 novel salts of H3HMA discussed here, in addition to 
the Cu2+ and Ni2+ salts previously investigated by other authors,ISI,IS2 has highlighted a 
trend in the complexes. Those metal ions known to have the fastest exchange rates for the 
water molecules in their first coordination spheres (Le. Pb2+ to Li+ as shown in Figure 
3.23) have been observed to form coordinated species upon reaction with the H3HMA 
ligand, whilst those with slower water exchange rates (Le. Zn2+ to Ni2+ as shown in 
Figure 3.23) form complexes bearing the octahedral hexaaquo cations with hydrogen 
bonded [H2HMAr second sphere Iigands. 
The Eigen-Wilkins mechanism states that the rate of exchange of H20 for a ligand L 
depends upon the rate of H20 exchange. I66,167 The ligand L is considered to:-
I. Associate with the hydrated uo+ cation through hydrogen bonding interactions. 
2. Intervene in the H20-H20 exchange, complexing with uo+ cation. 
Therefore, the faster the water exchange rate, the higher the probability of the approach 
and coordination of the ligand. This trend is highlighted in this work as, of the metals 
used here, the metal with the fastest water exchange rate, Pb2+, coordinates only to 
[HHMA t without any water molecules present in the final structure. 
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Figure 3_23_ Chart showing the relative water exchange rates for a range of M" and 
M2+ cations_ 
For clarity, the Group 1 metals Na\ K'" and Rb+ have been omitted from positions 
between Li+ aDd Cs+. 
With slower water exchange rates, the aggregation of [H2HMAr and H20 around the 
hydrated M'+ cations, through hydrogen bonding, leads to crystallisation of the second 
sphere intermediate complex of the hydrated metal due to low solubility of the hydrogen 
bonded aggregate. 
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Cd2+ salt 34 shows some intermediacy between the coordinated structures of the Group I 
and larger Group 2 metal salts of H3HMA and the second sphere structures of the first 
row transition metal salts in that it possesses coordination of only one oxygen of the inner 
carboxyl group of each [H2HMA r ligand, contrasting to the further coordination of 
carbonyl oxygen atoms in the Group I and larger Group 2 metal salts. The structures of 
the Ca2+ 27 (hydrated) and Cd2+ 34 (coordinated) salts do not correlate with the trend 
seen for the other salts discussed. I f there were a direct correlation between the water 
exchange rate and the tendency for the [H2HMAr ligand to coordinate, then it would be 
expected that the ligand would coordinate to the metal ion with the faster exchange rate, 
i.e. Ca2+. It should be noted that the value for Ca2+ shown in Figure 3.23 is quoted for 
[Ca(H20)612+ and that the exchange rate for [Ca(H20)sf+ is expected to be slightly faster 
due to the higher coordination number and therefore longer Ca-H20 bonds.168 To 
substantiate the structures of 27 and 34, the unit cells of a number of crystals from each 
leg of the Ca2+ and Cd2+ H-tubes (both at low and high acid concentration) were 
determined, with all crystals having the unit cell previously determined, indicating the 
structure analysed to be at least the major product. 
Recently, authors have questioned the effect of hydrogen bonding on the water exchange 
rate at metal centres, concluding that, as the nature of the second hydration sphere is 
critical to the water exchange kinetics at a metal ion centre, anions capable of imposing 
order on the second hydration sphere, particularly those doing so through the formation 
of a network of hydrogen bonds, can slow the rate of water exchange. t69 As has been 
shown, second sphere [H2HMA r ligands are able to approach the hydrated metal ions 
and form such extensive hydrogen bonding arrays as to produce rapid precipitation upon 
mixing. This is especially true for the [Ca(H20)s12+ salt, where more hydrogen bonds are 
present than in the [M(H20)612+ salts. It may follow that the second sphere [H2HMAr 
ligands produce an effect that slows the water exchange rate of Ca2+ more than it does in 
the Cd2+ salt, thus allowing the Ca2+ and Cd2+ structures to be hydrated and coordinated 
respectively. 
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To investigate whether the H3HMA metal salts isolated as the second sphere complexes 
could be encouraged to coordinate, the Ni2+ salt was retluxed in H20 for 24h. Slow 
cooling of the reaction mixture led to the re-isolation of the same second sphere complex, 
identified by determination of the unit cell. The reaction of Ni Ch with two equivalents of 
H3HMA and either four or six equivalents of base (NaOH or Na2C03) in water at rt again 
led to the crystallisation of the second sphere complex. By comparison to the 
hydrothermal synthesis of the coordinated literature C02+ salts, t54 it appears that 
hydrothermal conditions are also needed to ensure that the H3HMA ligands are further 
deprotonated to give coordination. 
A similar coordinated / second sphere complex relationship is observed in the first row 
transition metal salts of 2,6-dihydroxybenzoic acid,I7O with the Cu2+ salt (Figure 3.24), 
(possessing the fastest water exchange rate of the range of metals selected by the authors) 
adopting the coordinated structure, while Mn2+, Fe2+, C02+, Ni2+ and Zn2+ salts were all 
found to be isostructural, second sphere complexes containing the [M(H20)6f+ cation 
(Figure 3.25). Synthesis ofthe second sphere complex of Cu2+ was also achieved by a pH 
change, with higher pH (4-5) producing the second sphere species, while lower pH (3-
3.5) produced the coordinated species. While the 2,6-dihydroxybenzoic acid ligand has a 
similar 1,2,3-substitution pattern to H3HMA, the intramolecular hydrogen bonding of the 
hydroxyl groups to the inner carboxylate group results in a planar anion, preventing the 
thick sandwich hydrogen bonding arrays seen with [HxHMA ](3-x)- ligands. The authors of 
this work suggested that the formation of hydrogen bonds had allowed the isolation ofthe 
second sphere complexes. '70 
~----
. CUll 
OIlAI , 
, 
0151 
0121 
0141 HISI 
Figure 3.24. Cu(2,6-dihydroxybenzoate)z(H20h. t70 
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Figure 3.25. [Zn(H20)6J [2,6-dihydroxybenzoateh·2H20. l7o 
Initial experiments investigating the synthesis of M+ (e.g. yJ+, CeJ+, AIJl salts of 
HJHMA by slowly diffusing together aqueous solutions of HJHMA·2H20 and a salt of 
the required M+ cation, afforded only powdered material, although previous authors have 
published syntheses of M+ complexes of HJHMA (M = Srn, Nd, y, La, Pr, Ce, Er, Yb 
and Gd) and studied the complexes spectroscopicaIIy.I7I,172 
3.2.5. Potential Uses of HemimeIIitic Acid Based on the Structures of its Metal Salts 
The general thick-sheet structure with its numerous coordination and hydrogen bonds 
between the carboxylate ligands and the (hydrated) metal cations identify HJHMA as a 
suitable candidate for testing for corrosion inhibition. Viewing the hydrophilic core of the 
thick sheet structure as a metal oxide surface, one could envisage the utility of the 
HJHMA ligand in providing a barrier between the metal oxide surface and the substance 
likely to cause corrosion (Figure 3.26). The most promising corrosion inhibition 
compounds display functionality capable of coordinating and hydrogen bonding to the 
metal oxide surface, I7J and the 1,2,3-substitution pattern of HJHMA exhibits just this. 
Previous authors have investigated the effect of benzenepolycarboxylic acids on the 
adsorption ofCd2+ onto kaolinite (clay) and goethite (FeO(OH» surfaces, concluding that 
not only do the acids, including HJHMA, enhance Cd2+ adsorption, but they are also 
adsorbed onto the surface themselves. 174 
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Figure 3.26. Schematic of [HzHMAr adsorbed onto a metal surface. 
Compounds suitable for metal extraction often provide the same combination of 
coordination and hydrogen bonds,175 and the insolubility of the metal complexes of 
H3HMA in water could provide an easy answer for the removal of heavy metals 
(especially Cdz+, Hi+, Pb2+ and 8a2l from aqueous solution. 
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3.3. Conclusion 
The crystal structures of fourteen novel alkali, alkaline earth and transition metal salts of 
H3HMA have been presented. While the fine details of the asymmetric unit and the 
combination of coordination and hydrogen bonds differ between the structures, all of the 
structures analysed display the same packing structure - coordination bonds and/or strong 
O-H'O hydrogen bonds maintain two-dimensional thick sheets, and these sheets are 
further linked together by weaker C-H'O hydrogen bonds. Comparison to the complexes 
of the related 2,6-dihydroxybenzoic acid show that the formation of thick sheet arrays is 
not solely determined by the 1,2,3-substitution of H3HMA, but by the nature of the 1,2,3 
functionality, with steric repulsions forcing the inner carboxyl group almost 
perpendicular to the aromatic ring, allowing the propagation of the hydrogen bonding 
arrays in two perpendicular directions. 
The fourteen new salts (plus the Cu2+ and Ni2+ literature examples) are either 
coordination complexes or exist as second sphere complexes with [M(H20)6f+ or 
[M(H20)sf+ cations (the latter in the case of Ca2j. The trend in the choice between the 
hydrated or coordinated structures shows some correlation with the water exchange rates 
of the respective metal ions. Metals with slower water exchange rates have crystallised as 
the hydrogen-bonded second sphere complex, the intermediate in the Eigen-Wilkins 
mechanism for the exchange of water for a ligand (in this case a carboxylate ligand). This 
intermediate is presumably very insoluble due to the extent of the hydrogen bonding in 
the system, allowing its isolation. Similar structural diversity is observed in the metal 
complexes of2,6-dihydroxybenzoic acid. 
The Ca2+ (hydrated) and Cd2+ (coordinated) structures do not have the structures that 
could be predicted from the trend seen in the other metal salts in the series. These 
structures may provide an insight into the effect the [H2HMAr ligand has on the water 
exchange rate of these metals. 
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3.4. Experimental 
Materials 
The starting materials (hemimellitic acid dihydrate, Li2C03, Na2CO], K2C03, RbCI, 
CsCI, 4MgCO],Mg(OH)2'5H20, CaCh, Sr(N03)2, BaBr2, MnCh'4H20, FeCh'4H20, 
Co(BF 4)z, ZnCh, Pb(NO])z, CdBr2·4H20 and Hg(02CCH])2) were purchased from 
commercial sources (Aldrich, Avocado and Lancaster) and used as received. Deionised 
water was used in all cases. 
Pbysical Measurements 
Physical measurements were carried out usmg methods described in the preceding 
chapters. Where microanalyses do not exactly match the values calculated from the 
molecular formulae, adjustments are clearly stated, in which desolvation or extra water 
molecules have been taken into account. 
Syntbeses 
X-ray quality crystals of the desired compounds were obtained in approximately 
quantitative yield (difficult to measure precisely as samples were observed to desolvate 
during drying) using one offour general methods:-
Metbod 1 (Li\ Na + and IC salts). Reaction of hemimellitic acid dihydrate (up to 500 
mg) with 0.5 eq M 2C03 (M = Li, Na, K) in water under reflux conditions, followed by a 
reduction in volume and allowing the resulting solution to slowly evaporate at room 
temperature. 
Metbod 2 (Mg2+ salt). Reaction of hemimellitic acid dihydrate (up to 500 mg) with 0.2 
eq 4MgCO],Mg(OH)2'5H20 in water under reflux conditions to aid solubility of the base, 
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followed by a reduction in volume and allowing the resulting solution to slowly evaporate 
at room temperature. 
Method 3 (Cs+, Rb+, Ca2+, Sr2+ and Ba2+ salts). An aqueous solution of hemimellitic 
acid dihydrate (100 mg) was layered with an aqueous solution of the metal salt (M = Cs, 
Rb, I eq; M = Ca, Sr, Ba, 0.5 eq) in a glass tube and stored, sealed, at room temperature. 
Method 4 (Co2+, Zn2+, Mn2+, Fe2+, Pb2+, Hg2+ and Cd2+ salts). Separate aqueous 
solutions ofhemimellitic acid dihydrate (100 mg) and the metal salt (0.5 eq) were placed 
in the two legs of an H-tube crystallisation apparatus and the tube filled with an aqueous 
interface. In the case of the Fe2+ salt, manipulations were carried out in a Miller Howe 
glove box using deoxygenated (N2) water. 
3.4.1. Characterisation Data for Compounds 21-36 
Compounds 24, 25, 28, 29 and 35 were initially synthesised by Sarita Kainth.155 
Additional characterisation data are presented here. 
Colourless crystals, observed to desolvate over the temperature range 76-82 QC. Analysis 
calculated for [LiJ(H2HMAMH20hl[H2HMA]-HJHMA-5H20 (CJ6H4S0J6Li3): C, 40.24; 
H, 4.22. Calculated for C36H4S036Lh - H20: C, 40.93; H, 4.10. Found C, 41.17; H, 3.82 
%. 
IR u max(KBr)/cm·1 3500-2500 (br, OH), 3433 (br, OH), 3105 (aromatic C-H), 1736 
(C=O, acid), 1580 and 1554 (asymm. CO2), \389, \307 and 1240 (symm. CO2-), 1210, 
1166, 1130 and 1072 (C-O), 999, 981, 903, 768, 704 and 667 (aromatic C-H). 
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Colourless crystals observed to desolvate over the temperature range 60-70 QC. Analysis 
calculated for Na(H2HMA)(H20)oH20 (C9H90gNa): C, 40.31; H, 3.38. Found C, 39.86; 
H,3.07%. 
IR umax(KBr)!cm·' 3500-2500 (br, OH), 1728 (C=O, acid), 1580 (asymm. C02"), 1456, 
1413, 1378 (symm. COD, 1247, 1212, 1164, 1134, 1074 and 1002 (C-O), 906, 782, 759 
and 710 (aromatic C-H), 668. 
23 K(H2HMA)(H20)oH20 
Colourless crystals observed to desolvate at 50°C. Analysis calculated for 
K(H2HMA)(H20)oH20 (C9H90 gK): C, 38.03; H, 3.19. Found C, 37.98; H, 2.92 %. 
IR umax(KBr)!cm·' 3500-2500 (br, OH), 3400-2500 (br, OH), 3109 and 2923 (aromatic C-
H), 1737 and 1693 (C=O, acid), 1578 (asymm. CO2"), 1456, 1400, 1383 (symm. CO2.), 
1302, 1237, 1208, 1166, 1130 and 1072 (C-O), 991, 974, 898, 844, 771,705 and 685 
(aromatic C-H), 666, 573, 541,450. 
24 Rb(H2HMA)(H3HMA)(H20)o2H20 
Colourless crystals, observed to desolvate over the temperature range 55-60°C. Analysis 
calculated for Rb(H2HMA)(H3HMA)(H20)o2H20 (C,sH 170,sRb): C, 38.69; H, 3.07. 
Calculated for C,gH 170,sRb + 3H20: C, 35.28; H, 3.78. Found C, 35.06; H, 3.58 %. 
IR umax(KBr)!cm·' 3500-2500 (br, OH), 1732 (C=O, C02H), 1555 (asymm. CO2.), 1454, 
1231 (C-O), 827,761 and 660 (Ar C-H). 
Colourless crystals, observed to desolvate over the temperature range 60-65 QC. Analysis 
calculated for CS(H2HMA)(H3HMA)(H20)zo2H20 (C'SH'90'6CS): C, 34.63; H, 3.07. 
Found C, 34.63; H, 3.03 %. 
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IR umax(KBr)/cm-1 3500-2500 (br, OH), 1738 (C=O, C02 H), 1581 (asymm. CO2-), 1307 
(symm. CO2), 1236 and 1209 (C-O), 972, 895,764 and 664 (Ar C-H). 
Colourless crystals, observed to desolvate over the temperature range 80-84 °c. Analysis 
calculated for [Mg(H20)6][H2HMAh'4H20 (CISH30022Mg): C, 34.72; H, 4.86. 
Calculated for CISH30022Mg + H20: C, 33.74; H, 5.03. Found C, 33.37; H, 4.81 %. 
IR umax(KBr)/cm-1 3500-2500 (br, OH), 3388 (br, OH), 3088 and 3005 (aromatic C-H), 
1741,1696 and 1670 (C=O, CO2 H), 1580 (aromatic C=C), 1543 (asymm. CO2-), 1458, 
1388 (symm. CO2-), 1304, 1234, 1209, 1130 and 1072 (C-O), 991, 972, 899, 851 and 768 
(aromatic C-H), 667. 
Colourless crystals, observed to desolvate over the temperature range 80-90 °c. Analysis 
calculated for [Ca(H20)s][H2HMAh'3H20 (CIsH32023Ca): C, 32.93; H, 4.91. Calculated 
for CIsH32023Ca - 4H20: C, 36.99; H, 4.14. Found C, 36.84; H, 3.42 %. 
IR umax(KBr)/cm -I 3500-2500 (br, OH), 296 I and 2925 (aromatic C-H), 1732 and 1705 
(C=O, C02H), 1651 and 1638 (C=C), 1580 (asymm. CO2), 1555 (C=C), 1476, 1457, 
1412, 1390 (symm. C02-), 1246 (C-O), 121 I, 1163, 1132, 1071 and 1013 (C-O), 905, 
766,703 and 668 (aromatic C-H). 
Colourless crystals, observed to desolvate over the temperature range 60-65 0c. Analysis 
calculated for Sr(H2HMAMH20)3'2H20 (CIsH20017Sr): C, 36.28; H, 3.38. Calculated for 
CIsH20017Sr + H20: C, 35.2 I; H, 3.61. Found C, 34.9 I; H, 3.59 %. 
IR umax(KBr)/cm-1 3500-2500 (br, OH), 1733 (C=O, C02H), 1580 and 1553 (asymm. 
CO2), 1397 (symm. CO2-), 1245 (C-O), 995, 903, 849, 763 and 671 (Ar C-H). 
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Colourless crystals, observed to desolvate over the temperature range 62-65 DC. Analysis 
calculated for Ba(H2HMAMH20k2H20 (CISH200I7Ba): C, 33.48; H, 3.12. Found C, 
33.52; H, 2.85 %. 
IR umax(KBr)!cm-1 3500-2500 (br, OH), 1732 (C=O, C02H), 1578 (asymm. C02-), 1390 
(symm. COn, 1244 (C-O), 899, 764 and 667 (Ar C-H). 
Colourless crystals, observed to desolvate over the temperature range 70-75 DC. Analysis 
calculated for [Mn(H20)6][H2HMAh'4H20 (C 1SHJ0022Mn): C, 33.09; H, 4.63. Found C, 
33.26; H, 4.35 %. 
IR umaxCKBr)!cm-1 3500-2500 (br, OH), 1741 (C=O, C02H), 1579 and 1547 (asymm. 
C02-), 1458, 1388 (asymm. CO2"), 1235 and 1208 (C-O), 769 and 666 (Ar C-H). 
Pale green crystals, observed to desolvate over the temperature range 78-83 DC. Analysis 
calculated for [Fe(H20)6][H2HMAh'4H20 (C 1sHJo022Fe): C, 33.04; H, 4.62. Found C, 
33.03; H, 4.41 %. 
IR umax(KBr)!cm-1 3500-2500 (br, OH), 1740 (C=O, C02H), 1655 (Ar C=C), 1579 and 
1542 (asymm. C02"), 1458, 1389 (symm. C02-), 1233 and 1208 (C-O), 898, 768 and 665 
(Ar C-H). 
Pink crystals, observed to desolvate over the temperature range 91-95 DC. Analysis 
calculated for [Co(H20)6][H2HMAh·4H20 (ClsHJo022CO): C, 32.89; H, 4.60. Found C, 
33.14; H, 4.51 %. 
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IR umax(KBr)/cm·1 3500-2500 (br, OH), 1741 (C=O, CO2 H), 1656 and 1579 (Ar C=C), 
1542 (asymm. C02"), 1455, 1387, (symm. C02·), 1305, 1234 and 1208 (C-O), 768 and 
667 (Ar C-H). 
Colourless crystals, observed to desolvate over the temperature range 70-75 0c. Analysis 
calculated for [Zn(H20)6][H2HMAh-4H20 (ClsHJo022Zn): C, 32.57; H, 4.56. Found C, 
32.67; H, 4.15 %. 
IR umax(KBr)/cm·1 3500-2500 (br, OH), 1741 (C=O, C02H), 1580 and 1561 (asymm. 
CO2"), 1458, 1381 (symm. CO2"), 1306, 1242 and 1209 (C-O), 769, 705 and 667 (Ar C-
H). 
Colourless crystals, observed to desolvate over the temperature range 64-70 0c. Analysis 
calculated for Cd(H2HMAMH20k2H20 (CISH2201SCd): C, 33.85; H, 3.47. Found C, 
34.06; H, 3.21 %. 
IR umax(KBr)/cm·1 3500-2500 (br, OH), 1735 (C=O, C02H), 1579 (asymm. C02"), 1458, 
1381 (symm. CO2.), 1239 (C-O), 900, 770, 704 and 666 (Ar C-H). 
3SPb(HHMA) 
Colourless crystals. Analysis calculated for Pb(HHMA) (C9~O~b): C, 26.03; H, 0.97. 
Found C, 26.03; H, 0.51 %. 
IR umax(KBr)/cm·1 3500-2500 (br, OH), 1682 (C=O, C02H), 1576 and 1540 (asymm. 
C02"), 1450, 1393 (symm. CO2"), 1270 (C-O), 1153. 1072,918,903,802,772,694 and 
675 (Ar C-H). 
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36 Hg(HHMA)(H20)2 (proposed formula) 
White powder. Analysis calculated for Hg(HHMA)(H20)2 (C9HgOgHg): C, 24.31; H, 
1.81. Found C, 24.19; H, 1.69 %. 
IR umax(KBr)/cm·1 3500-2500 (br, OH), 1737 (C=O, C02H), 1579 (asymm. CO2'), 1456, 
1382 (symm. C02), 1237 and 1203 (C-O), 767 and 666 (Ar C-H). 
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3.4.2. Crystallograpbic Experimental 
Data for all compounds except 21 were collected using a Bruker AXS SMART 1000 
CCD diffractometer using graphite-monochromated Mo-Ka (A. = 0.71073 A) radiation. 
Data for compound 21 were collected by the EPSRC National X-ray Service at Daresbury 
Laboratory Station 9.8 using a Bruker Nonius APEX2 diffractometer using synchrotron 
radiation (A = 0.67750 A).87,88 All structures were solved by direct methods (except Rb+ 
salt 24 which was solved using Patterson synthesis) and refined by full·matrix least-
squares methods on F. All H atoms except water H atoms were initially positioned in 
calculated positions (aryl C-H 0.95 A, O-H 0.84 A). The coordinates of those H atoms 
attached to oxygen, except water, were then refined freely, unless stated otherwise, while 
all other H atoms were refined using a riding model. Uiso values were set to be 1.2 times 
Ueq of the carrier atom for aryl CH, and 1.5 times Ueq of the carrier atom for OH, 
including water H. Water molecules were refined using restraints on the O-H bond length 
(target value 0.84 A) and the H-O-H bond angle (target value 107°). 
Two sets of data have been collected for Li+ salt 21 using the laboratory source at 
Loughborough, but lack of intensity resulted in ambiguities in the choice of crystal 
system and space group. Preliminary investigations indicated the space group may have 
been P2/m and P2dc. Data collected at Daresbury Laboratory using synchrotron radiation 
indicated the space group to be P2/c, and the data set has been successfully refined to 
give an R I value of 11.7 % using restraints on the bond lengths and angles of the water 
molecules. 
Hydrogen atoms were not located on the water molecule containing 0(8) in K+ salt 23. 
Attempts to find a suitable twin law for the data set using Rotax84 failed. Hydrogen atoms 
were also not located on the water molecule containing 0(7) in Rb + salt 24. The 
disordered half-weight hydrogen atom H(4) was refined using restraints on the O-H bond 
length (target value 0.9 A). The disordered hydrogen atom on 0(1) in Cs+ salt 25 was not 
located in the Fourier difference map. Hydrogen atoms were not located on the H20 
molecule containing 0(14) in CaH salt 27. 
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The refinement of both Sr+ salt 28 and Ba2+ salt 29 required the use of restraints on the 
anisotropic displacement parameters for the atoms in the [H2HMA r ligands and restraints 
on the geometry of the aromatic ring. OH hydrogen atoms were positioned in calculated 
positions in both cases. The largest residual electron density peaks in 28 and 29 were 6.75 
ek3 and 10.24 ek3, respectively, and were situated on the mirror plane close to the 
coordinated water molecule containing 0(7). Ba2+ salt 29 contained a disordered 
carboxylic acid group, and this was modelled over two sets of positions using restraints 
on the geometry of the two groups, giving a refined major occupancy of 57(2) %. 
The refinement of Fe2+ salt 31 resulted in an RI (P>2a(P)) value of 9.21 % and a 
largest residual electron density peak of 1.50 eA·3. Rotax84 failed to find a suitable twin 
law for 31. 
The refinement of C02+ salt 32 required the use of restraints on the anisotropic 
displacement parameters on all atoms, while the refinement of Zn2+ salt 33 required the 
use of restraints on the O-H bond lengths. 
Pb2+ salt 35 was refined using restraints on the anisotropic displacement parameters of all 
atoms and restraints on the O-H bonds lengths. The largest residual electron density peak 
was 4.1 eA·3, and it was positioned close to the Pb2+ cation. 
Programs used were Bruker SMART,44 SAINT,46 SHELXTL 48 and local programs. 
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4. The Organometallic Supramolecular Chemistry of Benzene- and 
Pyridinepolycarboxylic Acids: Derivatives of the Ru( r/ -p-cymene) Fragment 
4.1. Supramolecular Organometallic Chemistry 
Supramolecular organometallic chemistry has recently been extensively reviewed by 
Haiduc and Edelman.2 The authors applied a broad definition to their review - that an 
organometallic compound should contain a direct metal-carbon bond, M-C, where M 
is an element more electropositive than carbon, resulting in a M"'" -C'" bond 
polarisation - and this definition therefore allowed the inclusion of derivatives of non-
metals such as boron, silicon and germanium. A clear distinction between the metal-
organic complexes of the previous chapter is important here, where metal-organic 
complexes contain organic groups attached to metal atoms via oxygen, nitrogen or 
sulfur. Probably the least studied of the main areas of supramolecular chemistry, 
supramolecular organometallic chemistry provides a wide scope for novel research. 
4.2. Organometallic Crystal Engineering 
In keeping with the theme of the previous chapters, the work presented in this and 
subsequent chapters describes the crystal engineering of supermolecules and 
supramolecular arrays containing the ruthenium( 7l-arene) fragment, linked by 
peripheral hydrogen bonding. Literature examples of supramolecular chemistry 
utilising the ruthenium(7l-arene) fragment are discussed later (see section 4.3.5), 
while here a brief description of other supramolecular work using metal-n-systems 
linked by peripheral hydrogen bonding is presented. 
Brarnmer and co-workers have brought together the concepts of crystal engineering 
using n-bonded organometallic building blocks, and these are depicted in Figure 
4.1.176 Where multitopic organic compounds can be linked via hydrogen bonding, 
coordination bonds, or a combination of the two to produce supramolecular arrays, the 
same can be proposed for organometallic complexes bearing peripheral functionality 
on the n-bonded organic ligands. In addition, of course, functionality on the eT-bonded 
ligands may also contribute to the hydrogen bonding pattern. 
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Hydrogen-bonded organic network 
Metal-organic coordination framework 
Hydrogen bonding and coordination 
framework 
Hydrogen bonded organometallic network 
(using ;If-bound ligands) 
Mctal-organic/organometallic coordination 
framework 
Hydrogen bonded organometallic network 
(using CJ-bound ligands) 
Coordination bond(s) 
Metal centre 
e Metal/ligand system 
Figure 4.1. A schematic representation of the possible combinations of 
coordination bonds and hydrogen bonding in organic, metal-organic and 
organometallic crystal engineering. [Modified from reference 176.[ 
The important finding of much of the work using organic molecules 7T-coordinated to 
metal atoms is that in many cases the hydrogen bonding pattern within the crystal 
structure is unaffected by the presence of the metal atom and its other coordinated 
ligands, particularly when the hydrogen bonding groups are carboxylic acids. For 
example, both fumaric acid177 (Figure 4.2) and the complex (T(-fumaric 
acid)Fe(CO)4178 (Figure 4.3) fonn ribbon-like polymers in the solid state, linked by 
carboxylic acid R22(8) ring motifs. 
Figure 4.2. View of the hydrogen bonded tape in fumaric acid.177 
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Figure 4.3. View of the hydrogen bonded tape in (fumaric aCid)Fe(CO)4.178 
Brammer and co-workers have utilised the poly-functional benzenepolycarboxylic 
acids in the crystallisation of Cr(CO)3 complexes, producing zigzag chains, for 
example, in the case of the trimesic acid complex (Figure 4.4),,76.179 Here, the third 
carboxylic acid group is hydrogen bonded to a solvent molecule, producing a 
hydrogen bonding pattern more reminiscent of the 1,3-substituted isophthalic acid 
(Figure 4.5). 
---.---...... 
OI6~) 0'"_"_ 
\ H13) 015) 
\-~ 
Figure 4.4. View of the hydrogen bonded zigzag chains in 
(DJ TMA)Cr(CO)J.176,179 
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Figure 4.5. View of the hydrogen bonded zigzag tapes in isophthalic acid. 52 
Braga and co_workersl80-t82 have investigated the use of organic anions to form a 
charge-assisted supramolecular array with the bis(7l-benzene)chromiurn(I) cation. 
1,3-cyclohexanedione was shown by Etter et al. l83 to form a ring structure, 
comprising six hydrogen bonded 1,3-cyclohexanedione molecules, in which a 
benzene molecule is encapsulated (Figure 4.6(a)). Extending this to the 
organometallic setting, Braga et al.'80-I82 have shown that 1,3-cyclohexanedione 
forms a horseshoe-shaped O-R"O hydrogen bonded pattern, encapsulating the bis(1/6-
benzene)chromium(I) cation (Figure 4.6(b)). 
(b) 
Figure 4.6. (a) View of the hydrogen bonded ring structure of cycIohexanedione, 
encapsulating benzene. 183 (b) View of the hydrogen bonded horseshoe structure 
of cyclohexanedione, encapsulating the bis(1/6-benzene)chromium(l) cation.'80-I82 
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4.3. Ruthenium-(7l-arene) Chemistry 
4.3.1. Bonding within Ruthenium(7l-arene) complexes 
The [ruthenium(7]6-arene)]2+ fragment contains a benzene ring (with or without ring 
substituents) bonded to the ruthenium atom using all six of the ring carbons. Metal-
arene bonding2.184.I85 exists as a combination of (a) interactions of filled p-orbitals of 
the arene JT-system with empty d-orbitals of the metal (known as bonding or 
donation); and (b) interactions of filled d-orbitals of the transition metals with empty 
1l*-orbitals of the arene (known as back-bonding or back-donation). 
4.3.2. Synthesis of Ruthenium( 7]6 -arene) Dimeric Complexes 
Using a synthetic method first introduced by Winkhaus and Singerl86 and later 
adapted by I wata and Ogata 187 and Bennett and Smith,I88.I89 the reaction of cyclo-I ,3-
hexadienes with RuCh'xH20 via a dehydrogenation reaction in EtOWH20 mixed 
solvent affords air-stable [Ru(7]6-arene)Chh chloro-bridged dimer complexes. While 
the reaction is slow with cyclo-I,4-hexadiene as this is presumed to isomerise first to 
the 1,3-isomer;88 the synthesis of both [Ru(7]6-benzene)Chh (Figure 4.7) and [Ru(7]6-
p-cymene)Chh (Figure 4.8) proceed smoothly in good yield (where p-cymene is also 
known as p-Pri-toluene). 
• + o 
Reflux 
Figure 4.7. Synthesis of [Ru( 7]6 -benzene )Ch]z. 
RuCl, · .. H20 + A' Cl/Cl ----------~. '~"/ Ru Ru 
CI/ "'-cl/ 
Reflux 
EtOHlH20 
Figure 4.8. Synthesis of [Ru(7l-p-cymene)CI2h. 
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The synthesis of [Ru( 7]6 -hexamethylbenzene )Cbh via the same method is frustrated 
by the difficult reduction of hexamethylbenzene to the corresponding 1,4-
cyclohexadiene prior to reaction with RuCh·xH20. The alternative method requires 
the displacement of the p-cymene ligand from [Ru(7]6-p -cymene)Cbh by 
hexamethylbenzene in a melt reaction under reduced pressure (Figure 4.9).189 
Excess 
Me 
M.~Me 
MeVMe 
Me 
180-185°C 
~Me Me Me~MeCI Cl Me ,/ ......... / 
Me Ru Ru Me Me 
/" /M~ Cl 'cl 
Me 
Me 
Me 
Figure 4.9. Synthesis of [Ru( 7]6 -hexamethylbenzene)Chh. 
A wide variety of arene ligands have since been introduced to the ruthenium(II) 
chloro-bridged dimeric range of complexes, either by Birch reduction to the 
cyclohexadiene (if required) followed by dehydrogenation with RuCI)"xH20 (Figure 
4.10; as seen for benzene and p_cymene)190-200 or by arene displacement reactions 
(Figure 4.11; as shown for hexamethylbenzene),2ol.204 often involving the reaction of 
the p-cymene dimer complex with more electron-rich arenes, forcing the displacement 
of the p-cymene ligands. 
ci'0 /Et I 0 
""" 
( ) ( ) 
~o V 6H 
Figure 4.10. Arene Jigands for which (Ru(7]6-arene)Chh dimeric complexes are 
synthesised via the reaction ofthe respective cyclohexadienes with RuCh·3H20. 
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f Et~Et 
Figure 4.11. Arene ligands for wbicb (Ru(r/-arene)Chh dimeric complexes are 
syntbesised via tbe displacement of p-cymene from (Ru( r/-p-cymene)Chh. 
Other routes requiring further manipulations have been used to introduce "double-
decker" [2n]cyclophane r/ _arenes205-207 to the series of dimeric complexes (Figure 
4.12). 
Figure 4.12. Chemical structure of (Ru(r/-(22\cycIopbane)Chh. 
4.3.3. Derivatives oftbe (Ru(776-arene)\2+ Fragment 
The usefulness of the chloride-bridged ruthenium(776-arene) dimeric complexes lies in 
their relatively weak Ru-CI-Ru bridges, which can be cleaved by a wide variety of 
monodentate ligands, such as pyridine, PR3, P(ORh, AsR3, dimethylsulfoxide and 
acetonitrile, resulting in mononuclear, half-sandwich complexes (Figure 4.13).188,208 
146 
2L 
• 
-- --------------
Chapter 4 
2~ I 
Ru 
~ I "Cl 
Cl 
Figure 4.13. The cleavage of the weak Ru-Cl-Ru bridges leads to mononuclear, 
half-sandwich complexes. 
Bidentate, chelating ligands also react efficiently with the dimeric starting materials to 
produce half-sandwich complexes (Figure 4.14), with the need for a counterion 
dependent on the charge of the bidentate ligand. 
r---. 
2 L L' 
• 
2~ I 
Ru 
L/ I "--Cl 
"--L' 
n+ 
Figure 4.14. Reaction ofthe dimeric starting materials with bidentate, chelating 
Iigands (L-L' = generalised, bidentate ligand). 
Further derivitisation is possible by the complete removal of the chlorides from the 
ruthenium(7l-arene) dimeric complexes upon treatment with AgBF4 or AgPF6 in 
acetone, precipitating AgCl, and leaving [Ru(7l-arene)(acetone)3]2+ and BF4' or PF6' 
counter-ions (Figure 4.15). The reaction of this intermediate with other ligands leads 
to a wide variety of dicationic ruthenium complexes, including bis-arene sandwich 
complexes and mononuclear half-sandwich ("piano stool") complexes?09.21O 
~ 
[ BF41z 4 AgBF4 I 
2 /Ru, 
° ° I 0y A \~ -4 AgCl 
Figure 4.15. Removal of chloride ions from [Ru(7l-p-cymene)Chh by silver salts. 
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4.3.4. Uses of Ruthenium(rl-arene) Complexes 
The stoichiometric applications of ruthenium(ll-arene) complexes in organIc 
chemistry have been reviewed recently.m Ruthenium(ll-arene) complexes have been 
used in the organometallic labelling of biological ligands, which may be of use in the 
field of radiopharmaceuticals. The introduction of ruthenium(ltarene)(l/-aromatic 
amino acids) into the synthesis of macrocyclic peptides, has resulted in the use of 
milder conditions more suited to the avoidance of epimerisation in the chiral products. 
The synthesis of organometallic polymers has also been investigated via the efficient 
coupling of [(1]6-1,4-dichlorobenzene)Ru(ll-Cp)t with a range of bis(aryloxy) 
anions. The ruthenium moiety is then removed, leaving the organic poly(aryl)ether 
polymer. 
The catalytic uses of ruthenium( 1]6 -arene) complexes are renowned, covering a wide 
range of organic reactions, including hydride transfer hydrogenation,212-214 ring 
opening metathesis polymerisation/15,216 ring closing olefin metathesis/17 olefin 
. 218 'd' 219 cyclopropanatlOn, aerobic alcohol OXI atlOn, enantioselective 
desymmetrisation220 and oxidative Heck reactions (C-C bond formation).221 In many 
cases, the use of chiral catalysts is of major interest as they are able to produce 
products of a preferred chirality (often selectively) during the catalytic reactions. 
Probably the most interesting development in the field of catalysis using 
ruthenium(1]6-arene) complexes is the development of polymers containing the 
ruthenium fragment, easily isolated from heterogeneous mixtures for reuse in other 
reactions. Polymers of this form have been synthesised through the derivitisation of 
polystyrene by exchange of the 1]6 -arene on the ruthenium complex for the phenyl 
rings of styrene217 and also by the use of 1]6-arene ligands bearing polymerisable side 
chains, giving polymers containing ruthenium chloro-bridged dimeric moieties within 
the structure.222 
Ruthenium( 1]6 -arene) complexes have been shown to exhibit antibacterial/23 
antiviral223 and anticancer24,225 properties, and it is claimed the organometallic-
derivitisation of organic compounds known to possess anti-microbial activity can help 
to overcome the problem of resistance of the microbe to the drug.223 An important 
step in the mechanism of action of anticancer Ru(III) complexes is the in vivo 
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reduction of the metal centre to RU(II).224 Sadler and co-workers have highlighted the 
fact that arene ligands stabilise Ru(II), their complexes are often fairly soluble in 
water and they also provide a hydrophobic face to the complex, which may enhance 
biological recognition processes, aiding the transport of the rutheniwn complex 
through cell membranes. Titanocene dichloride, Ti( 775 -Cp )2Cb, is currently 
undergoing clinical trials as an anticancer drug, and hence this has led to an increase 
in the research into ruthenium compounds of similar structure. Very simple [Ru(776-
arene)(N-N)X]+ complexes (where arene = p-cymene or biphenyl, N-N = 
ethylenediamine or N-ethylethylenediamine and X = Cl or I) have been shown to 
inhibit the growth of ovarian cancer cells,z24 and further research is very much 
ongoing in this field to investigate the mode of action.225 In very recent work, 
Walkinshaw, Sadler and co-workers have successfully coordinated the RU(776-P-
cymene)Ch fragment to the imidazole ring of a histidine residue in the lysozyme 
protein.226 The authors hope that such organometallic/protein adducts may be of use 
in catalysis, chromatographic separations and heavy atom labelling for solving the 
"phase problem". 
4.3.5. Supramolecular Organometallic Chemistry Utilising the Ruthenium( 776_ 
arene))2+ Fragment 
Ruthenium(arene) complexes have found uses in crystal engineering based on their 
structural rigidity and their possession of a molecular moiety (the exposed face of the 
arene ligand) capable of 7r-stacking supramolecular interactions. Ward and co-workers 
have synthesised a range of linear di- and trinuclear cationic species bearing 
ruthenium centres bridged by one or two [22]-1,4-cyclophane molecules, capped by 
775-Cp* ligands (Figure 4.16).227,228 These cations have been co-crystallised with 
polycyanoanions such as TCNQ- (where TCNQ = tetracyanoquinodimethane) to 
investigate the formation of donor-acceptor structures through the 7r-stacking of the 
cations and anions. Interestingly, the [(775-Cp*)Rut fragment has also been 
coordinated to the aromatic rings of such molecules as triptycene to create triangular 
trinuclear cations and tetraphenylmethane (and its Group 14 derivatives) to create 
tetrahedral tetranuclear cations (Figure 4.17) in moderate to high yield. 
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V .... "'Cl17J 
ClBI Cl1I 
Figure 4.16. View ofthe dinuclear, linear cation [{(7(-Cp*)Ruh(7/,7/-[22)-1,4-
cyclophane )e+. 227.228 
Hydrogen atoms and anions have been omitted for clarity. 
CI291 
.' C1261 $L1. C'-14"'1I-~ 
C<2~ Ru'l 
• 
CI38) 
0051 
Figure 4.17. View of the tetranuclear cation [{( 7( -Cp*)Ru( 7/_C6Hs)}4C)4+.227,228 
Hydrogen atoms and anions have been omitted and bonds within the Cp* Jigands 
are shown as open bonds for clarity. 
Atwood and co-workers have investigated the modification of polyaromatic 
macrocycles, which possess preorganised binding cavities, in the design and synthesis 
of anion-binding molecular receptors.229 Calix[ 4)arene has been shown to accept up to 
four Ru( r/-p-cymene) units in total on the arene rings of the molecule, with crystal 
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structure detenninations having shown the tendency for both BF 4- (Figure 4_18) and r 
anions to be encapsulated into the bowl-shaped cavity. 
Figure 4.18. View of the tetranucIear cation [(1/,1/,776,1/-H1calix[4]arene){(1/-p-
cymene)Ru}4]6+ with an encapsulated BF4- anion.229 
Hydrogen atoms, solvent molecules and the five remaining BF4- anions have been 
omitted for clarity. 
Rauchfuss and co-workers230 and Yamamotoa and co-workers231 have independently 
investigated the stepwise assembly of organometallic supramolecular squares and 
rectangles, incorporating ruthenium, rhodium, iridium and cobalt atoms. Rauchfuss et 
al. have utilised cyano bridges (Figure 4.19), while Yamamotoa et al_ have used 
diisocyanobenzene and aza-aromatic bridges. The metal centres are pseudo-
octahedral, with aromatic ligands coordinated to the metal centres, blocking three 
coordination sites. Rauchfuss et al. have extended the concept to the assembly of 
supramolecular boxes by the removal of coordinated chlorides from the squares 
(Figure 4.20), facilitating coordination of the tenninal cyano groups of two 
independent squares, producing an octanuclear assembly. 
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Figure 4.19. View of the molecular square [{( rT -Cp*)Rhl4(,u-CNl4(CN)ZCIzI.230 
CI7I 
Nil) : .. 
~~~COI4" 
NI1l c(~1:;) -....d't' 
Figure 4.20. View of the box-like [{(rT-Cp)Co)}.{(rT-Me4CpEt)Rh}4(,u-
CN)1214+.230 
Hydrogen atoms, solvent molecules and counterions have been omitted for 
clarity and bonds within the arene molecules are shown as open bonds. 
The work of Sheldrick and co-workers, aimed at investigating the pH-dependent 
coordination patterns of biological ligands such as nucleobases, nucleosides and 
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nucleotides in aqueous solutions, has led to the synthesis of a range of (arene)M(bio-
ligand) complexes (where M = Ru, Rh, Ir, arene = benzene, p-cymene, Cp, Cp· etc, 
bio-ligand = guanine, adenine, amino acids and their derivatives etc).232.233 The 
presence of a number of nitrogen and oxygen donor atoms on the biological ligands 
leads to the assembly of mononuclear complexes in addition to trimeric and tetrameric 
assemblies, depending on the structure of the ligands. For example, adenine forms a 
tetrameric assembly through the bidentate coordination of two nitrogen atoms to one 
metal atom and the coordination of a third nitrogen atom to an adjacent metal atom in 
the assembly (Figure 4.21).232 In contrast, N-substitution of guanine prevents further 
coordination, resulting in a mononuclear complex, which dimerises through hydrogen 
bonding with water molecules of crystallisation (Figure 4.22).234 
cnr.>41~_CI131 
CII2I 
ClSI 
cm 
ens) 
Figure 4.21. View of the tetranuclear cation I( 7l-p-cymene)Ru(pz-
adeninato)J4+.232 
Hydrogen atoms except NH and counterions have been omitted for clarity. 
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Figure 4.22. View of the hydrogen bonded dimers of Ru(,l-benzene)(9-
ethylguanine )Ch'l.SHzO. 234 
Hydrogen atoms have been removed for clarity from the complex and were 
missing from the water molecules, therefore 0"'0 and N"'O close contacts are 
shown as dashed lines. 
Even in these latter examples, containing biological molecules bearing groups with 
obvious hydrogen bonding donor-acceptor character, it is clearly the coordination 
chemistry, rather than the hydrogen bonding patterns between the complexes, which 
is of interest to the researchers in question. The lack of hydrogen bonding studies 
using complexes bearing the ruthenium( Il-arene) fragment highlights this area as a 
suitable target for research. Analysis of the extensive coordination chemistry, 
particularly the formation of supramolecular squares, rectangles and boxes, shows the 
use of the arene ligand as a blocking ligand, filling three of the six coordination sites 
of the pseudo-octahedral ruthenium, forcing other ligands into a facial-coordination 
mode. The inclusion of ligands containing hydrogen bonding groups in the other three 
coordination sites may allow the assembly of hydrogen bonded analogues of the 
supramolecular polygons and polyhedra previously discussed in addition to extended 
hydrogen bonding arrays of complexes. It is in this area and with these aims that the 
research in this chapter is presented. 
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4.4. Results and Discussion 
While the many other ruthenium( 7l-arene) complexes discussed in section 4.3.2 may 
provide structural versatility, the ruthenium(7l-p-cymene) dimer complex is by far the 
easiest to synthesise cleanly in high yield and it, and its half-sandwich derivatives, 
also have the advantage of high solubility in many organic solvents, aiding 
purification, NMR characterisation and crystallisation. 
4.4.1. The Complexation of 8enzenepolycarboxylic Acids to the IRuthenium( 116_ 
arene))2+ Fragment 
There are hundreds of examples of carboxylic acid groups attached to ruthenium 
centres, including work by Tocher et al.235 involving the binding of acetate and 
trifluoroacetate to ruthenium-arene complexes. While there are numerous literature 
examples of single crystal structures containing benzenecarboxylate groups bonded 
directly to ruthenium centres in the CSD, only one example contains an arene 
coordinated to the ruthenium. This example contains the r/ -coordinated 
cyclopentadienylligand and has a monodentate benzoate ligand (Figure 4.23).236 
CI3J 
crn~Ct<l 
CI6l. ctSI 
• 
• 
cnD 
CI131 
Figure 4.23. The only example of a ruthenium(arene) complex bearing a 
benzenecarboxylate ligand, in this case benzoate, characterised by single crystal 
X~ray diffraction.236 
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Numerous attempts have been made in our research group (by the present author, Paul 
Staniland237 and Clare Nickson~ to coordinate benzenepolycarboxylic acids to the 
[Ru(,/-p-cymene)]2+ fragment (both in an ,,6-manner and also a-coordinated directly 
to the ruthenium centre) without success. A typical reaction here would involve the 
removal of chlorides from [Ru(,,6_p-cymene)Chh with AgBF4 in acetone, filtration to 
remove the AgCI by-product, before reaction with an excess (greater than two 
equivalents) of the acid. This was extended to the triethyl ester of trimesic acid,239 in 
an attempt to soften the carboxylic acid functionality. This reaction resulted in the 
high-yielding crystallisation of the cubane-like, tetranuclear, cationic cluster [{RU(,,6_ 
p-cymene)(OH)}4][BF4h 37 as its sesqui(diethyl ether) solvate (from the vapour 
diffusion of diethyl ether into the acetone crude reaction mixture) (Figure 4.24). The 
RU4(OH)4 core is approximately cubic and shows structural similarities to the ~04 
cubane-like cluster series.240 
Figure 4.24. View of the cubane structure ofthe [{Ru(,,6_p-cymene)(OH)}4)4+ 
cation in 37·1.SEt20. 
Hydrogen atoms and BF4' counterions have been removed for clarity. 
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Figure 4.25. View of the hydrogen bonding pattern between the cubane-Iike 
tetranuclear cation and the BF4- counterions. p-Cymene Iigands have been 
removed for clarity. Hydrogen bonding parameters for 37·1.5 EtzO are given in 
Table 4.1. 
Table 4.1. Selected hydrogen bonding parameters for 37·1.5EtzO. 
D-HA o AlA D-HI A RA/A D-HAf' 
O(l)-H(I)'F(13) 2.714(4) 0.82(2) \.89(2) 175(5) 
O(2)-H(2)F(9) 2.652(4) 0.82(2) \.83(2) 175(5) 
O(3)-H(3)F(4) 2.646(4) 0.82(2) 1.83(2) 174(5) 
O(4)-H(4)F(7) 2.655(4) 0.81(2) \.86(2) 168(5) 
37·1.5EtzO represents the first example of a tetranuclear, cubane-like cluster 
containing the rutheniurn( Il-p-cymene) fragment, however Braga and co-workers 
have recently studied the synthesis and hydrogen bonding patterns within similar 
clusters containing the rutheniurn(ll-benzene) fragment. 240 Originally, Stephenson 
and co-workers hypothesised that such clusters are synthesised by the deprotonation 
of the triaqua cation [(1]6-benzene)Ru(H20)3f+ to gIve [(1]6_ 
benzene)Ru(H20h(OH)t, which then tetramerises to give the cubane-like cluster 
[{(1]6-benzene)Ru(OH)}4]4+ upon elimination of water.241 Braga et al. have now 
proposed a modified mechanism for formation of the tetranuclear species, via a 
dimeric species, as shown in Figure 4.26. It is clear that the isolation of 37·1.5EtzO 
indicates the preference of the Ru( 1]6 -p-cymene) fragment to form the tetranuclear 
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species rather than coordinate to trimesic acid triethyl ester, even when using pre-
dried acetone rather than the aqueous conditions used by Braga et al.24fl 
() Cl / Cl-............/ . ~RU /RU({; /~Cl Cl 2 H20 
4+ 
H20 
C> 
I 
Ru 
H,(l/ I ~OH, 
OH, 
1- 3H,O' 
H 
2+ 
O-'W~--o 
° H 
Figure 4.26. Mechanism for the formation of [{(7/-benzene)Ru(OH)14l4+ from 
[Ru(,/-benzene)Chh via the dimeric cation [{(,l-benzene)Ru}z(OHhl+' 
suggested by 8raga et al.24o 
+ 
4.4.2. Alternative Ligands for the Addition of Exodentate Carboxylic Acid 
Functionality to the [Ruthenium( ,/-arene)12+ Fragment 
Ruthenium has an extensive chemistry utilising nitrogen donor ligands, with 36 % of 
all ruthenium structures (all ruthenium oxidation states) in the Cambridge Structural 
Database40 (Version 5.25, plus 2 updates, April 2004) containing a Ru-N bond. Of the 
\334 ruthenium(I1)(776-arene) complexes, 29 % contain a Ru-N bond. Nitrogen is a 
slightly softer donor than oxygen, due to its lower electronegativity, and so it follows 
that nitrogen binds more favourably than oxygen to the relatively electron-rich 
ruthenium(I1)( 776 -arene) unit. 
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Coupled with knowledge of ruthenium(II)( ll-arene )/nitrogen ligand chemistry, the 
desire to introduce exodentate hydrogen bonding functionality to the [Ru(ll-arene)]2+ 
fragment has led to the pyridinepolycarboxylic acid family (Figure 1.5), a range of 
commercially available molecules which provide the required combination of the 
softer pyridyl nitrogen donor atom and the carboxylic acid functionality common to 
the benzenepolycarboxylic acid family. 
Pyridinepolycarboxylic acids are used extensively in the creation of coordination 
polymers242.m (for example, Figure 4.27) and also in hydrogen bonded-coordination 
hybrid networks:z46.2S2 (for example, Figure 4.28) and therefore are an obvious choice 
for coordination to the [Ru( Il-arene)]2+ fragment. 
Figure 4.27. An example of a coordination polymer containing 
pyridinepolycarboxylic acid Jigands - Co(3,S-pyrdinedicarboxylate)(H20 ).245 
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Figure 4.28. Examples of hydrogen bonded-coordination hybrid networks 
containing pyridinepolycarboxylic acid ligands - (a) Packing plot of 
Cu(isonicotinic acid)Cl;252 (b) Packing plot of Cu(6-methyl-nicotinic aCid)Cl.248 
Pyridine-2-carboxylic acid (picolinic acid; 2-Hpyca) is known to chelate to metal 
centres including alkali metal cations and transition metals253.254 through the nitrogen 
atom as well as through one oxygen of the carboxylate group. This is also seen in 
pyridine-2,n-dicarboxylic acid, where the carboxylic acid group at the n position may 
remain protonated (Figure 4.29(a»255 or be deprotonated and coordinate to a further 
metal site (Figure 4.29(b».256 
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Figure 4.29. (a) View of Co(2.5-Hpydcah(H20h in which the C02H group at the 
5-position remains protonated;255 (b) View of Co(2,5-pydca)(H20)2'H l O in which 
the C02H group at the 5-position is deprotonated and coordinated to C02+.256 
From the failure to coordinate benzenepolycarboxylic acids to the [Ru(1]6-arene)]2+ 
fragment, it is predicted that while pyridinepolycarboxylic acids do often coordinate 
to metals through both their N and 0 donor atoms, producing polymeric networks, not 
all of the carboxylic acid groups will coordinate to the ruthenium centres, thus leaving 
the protonated carboxylic acid groups available to form hydrogen bonds between 
complexes. 
Only one single crystal structure of a [Ru(1]6-arene)]2+ fragment bearing a pyridine-2-
carboxylic acid ligand IS known, and this contains mesitylene (1,3,5-
trimethylbenzene) as the 1]6-arene, pyridine-2-carboxylate (2-pyca) coordinated 
through both N and 0 and a chloride remaining from the chloro-bridged dimeric 
starting material (Figure 4.30).257 
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Figure 4.30. Synthesis of Ru( ,l-mesitylene )(2-pyca)CI. 257 
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The compound crystallises as its trihydrate (Figure 4.31), with close 0"'0 and O"Cl 
contacts (water hydrogen atoms were not located) creating a two-dimensional 
structure. 
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Figure 4.31. Crystal structure of Ru( ,l-mesitylene )(2-pyca )CJ03H20. 257 
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4.4.3. Ru(r/ -p-cymene)(pyridinecarboxylate)X Complexes (X = Cl, Br, I) 
erN CC>,H 2 I "" # MeOH 2h 
rt 
• 2 
Figure 4.32. Synthesis of Ru(r/-p-cymene)(2-pyca)CI41. 
In preliminary work carried out by Michael Papageorgiou, the ll-p-cymene analogue 
of the previously discussed compound was synthesised by the stirring of [Ru( 176 -p-
cymene)ChJz 38 and 2-Hpyca in MeOH for 2 h (Figure 4.32). Red, X-ray quality 
crystals were obtained directly from the solution upon a reduction in the solvent 
volume, and these were analysed as the monohydrate 41·H20 (Figure 4.33). 
eut-""i~CIl1J 
COl 
"14' 
Figure 4.33. Asymmetric unit of Ru( 176 -p-cymene )(2-pyca)CI'H20 41· H 20. 
Hydrogen atoms except OH have been removed for clarity. Selected hydrogen 
bonding parameters for 41'H20 are shown in Table 4.2. 
Table 4.2. Selected bydrogen bonding parameters for 41·H20. 
O-HA O'A/A O-H/A 
0(3)-H(3A) 0(2) 2.769(5) 0.90(3) 
0(3)-H(3B)"CI(I)i 3.222(4) 0.90(3) 
Symmetry operation: i x-0.5, -y, z-0.5. 
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The H20 molecule bridges two molecules of the complex via two strong, 
crystallographically independent hydrogen bonds, one O-H··O with the uncoordinated 
carboxylate 0 atom and one O-H··CI with the metal-bound chloride. This creates 
chains of alternating molecules of the complex and water (Figure 4.34). 
ClllAI 
clm 
, 
H(3AI\ ' 
~-:J 
0131 H(3BI 
Figure 4.34. Chains of alternating molecules of complex 41 and H20. 
Hydrogen atoms except OH have been removed for clarity. 
Both the bromide 42 and iodide 43 derivatives of 41 have also been synthesised by 
the reaction of2-Hpyca with [RU(ll-p-cyrnene)X2]z (X= Br258 39 and 1259 40; readily 
synthesised from [RU(ll-p-cyrnene)Chh 38 by halide substitution). While bromide 42 
was easily made, the synthesis of iodide 43 proceeded less smoothly, requiring the 
addition of one equivalent of NaOH to aid the deprotonation and coordination of the 
acid. More rapid reaction occurred when chloride 41 was reacted with AgBF4, 
precipitating AgCl, followed by addition of NaX (X = Br or I). In contrast to 41, both 
42 and 43 crystallised as the anhydrous compounds, despite 42 having been 
crystallised from an aqueous solution (Figure 4.35). Microanalyses of bulk powdered 
samples of 42 and 43 do, however, indicate the presence of one molecule of water per 
complex, even after drying under vacuum for several days. Bromide 42 and iodide 43 
are approximately isostructural, with a 4.4 % increase in the volume of the unit cell of 
43 compared to 42 (Table 4.3), due to increases in the a and c unit cell lengths and the 
pangle. 
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Table 4.3. Comparison of unit cell dimensions of 42 and 43. 
alA 
hlA 
cIA 
pt' 
Space grouf 
Volume lA 
Volume increase 0/0· 
42 (X= Br) 
10.1170(5) 
14.9445(8) 
10.4886(5) 
99.336(2) 
n.ln 
1564.80(14) 
43 (X= I) 
10.3718(9) 
14.8039(13) 
10.8000(9) 
100.007(2) 
n.ln 
1633.0(2) 
4.4 
a Volume increase as a percentage compared to 42. 
Figure 4.35. RU(7l-p-cymene)(2-pyca)Br 42. 
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Iodide 43 is isostructural to bromide 42. Hydrogen atoms have been removed for 
clarity. 
Due to the lack of strong hydrogen bond donors, the structures of 42 and 43 are 
essentially zero-dimensional, with only weak C-H··O hydrogen bonds between 
molecules. 
With the simplest pyridine-2-carboxylate ligand successfully chelated to the [Ru( It-
p-cymene )]2+ unit, it was clear that the chelation of pyridine-2,n-dicarboxylic acid 
ligands to the same fragment was now possible (Figure 4.36). 
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Figure 4.36. Synthesis of Ru(r/-p-cymene)(2,n-Hpydca)X 
In = 3-5; X = Cl, Br, I). 
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Initially the reactions of [Ru(7l-p-cymene)Ch12 38 with pyridine-2,n-dicarboxylic 
acid (n = 3, 4 or 5) were carried out in dry toluene (N.B. - both the dicarboxylic acids 
themselves and their ruthenium complexes are hygroscopic). While these reactions 
took up to 60 h to complete, the products were easily isolated in excellent yield as 
yellow precipitates from refluxing toluene. Later, the same reactions were carried out 
in acetone (assumed to aid the cleavage of the weak Cl-Ru-Cl bridges in the dimer 
complex through coordination to the metal site), resulting in the same high yield of 
precipitate, but in considerably shorter reaction times (within 18 h). 
Reactions using [Ru(7l-p-cymene)Br212 39 proceeded in acetone as smoothly as for 
the chloride derivatives, however the synthesis of the iodide forms was hindered by 
the rather slow reactivity of the [Ru(7l-p-cymene)h12 40 dimer with the 
pyridinedicarboxylic acids. Instead, the iodide forms were synthesised by halide 
substitution of the chloride forms by reaction with one equivalent of Nal. Care had to 
be taken here to ensure only one equivalent was used, otherwise a mixture of the 
desired product and [Ru( 7l-p-cymene )1212 resulted with excess r. 
While pyridine-2,6-dicarboxylic acid (2,6-H2pydca) is known to coordinate to Ru(II) 
in the absence of the rl-arene (Figure 4.37 (a) and (b» through both N,d60 and 
N, 0, d 61 donor sets, numerous failed attempts to coordinate this ligand to the [Ru( 1]6_ 
p-cymene»)2+ fragment in toluene, MeCN, acetone and MeOH have led to the 
conclusion that the preferred mer-coordination of this acid would result in 
unfavourable steric hindrance in the presence of the 1]6 -p-cymene ligand, which forces 
the fac-coordination geometry Crystallisation of the reaction mixtures returned 
crystals of the starting materials only. 
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(a) 
(b) 
Figure 4.37. Examples of ruthenium complexes bearing the 2,6-H2pydca ligand. 
(a) IN~hIRu(2,6-HpydcahChl,260 cations have heen omitted for clarity; (b) 
Ru( terpyridine )(2,6-pydca). 261 
Ru( Il-p-cymene )(2,3-Hpydca)CI 44 crystallises with an intramolecular S(7) graph set 
hydrogen bond (Figure 4.38), a common motif for adjacent carboxylic acid groups.34 
This same motif is seen in the zwitterionic form of 2,3-H2pydca, 262 with a slightly 
longer 0"0 distance in 44 (2.443(8) A) than observed in 2,3-H2pydca (2.400(2) A), 
presumably due to distortions in the ligand as a result of the N, 0 metal coordination. 
The coordinates of the hydrogen atom in this intramolecular bond were refined freely, 
revealing an asymmetric hydrogen bond. 
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ern 
Figure 4.38. View ofthe asymmetric unit of Ru(,l-p-cymene)(2,3-Hpydca)CI 44. 
Hydrogen atoms except OH have been removed for clarity. Selected hydrogen 
bonding parameters for 44 are shown in Table 4.4. 
Table 4.4. Selected hydrogen bonding parameters for 44. 
D-HA DAIA D-HI A HA/A D-HAf' 
O(3}-H(3)-O(2) 2.448(8) 0.84 1.61 177.5 
C(\4)-H(\4)Cl(l)' 3.735(8) 0.95 2.79 171 
C(15)-H(15)CI(1 )ii 3.567(8) 0.95 2.69 153 
Symmetry operations: i I-x, 2-y, 2-z; ii x, yt-I, z. 
The intramolecular hydrogen bonding of the protonated carboxylic acid group in 44 
limits the dimensionality of the packing of the complex, with molecules of 44 packing 
in one-dimensional ladders (Figure 4.39) extending parallel to the b axis. Weak C-
H--Cl interactions maintain the ladders, fonning an R24(\0) graph set motif, with 
further C-H--Cl and C-H--O interactions occurring between ladders. 
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Figure 4.39. The R24(10) graph set motif within the ladders of 44. 
(2,3-Hpydcar ligands on Ru(lA) and Ru(lB) and hydrogen atoms not involved 
in hydrogen bonding have been omitted for clarity. 
RU(I/-p-cymene)(2,3-Hpydca)Br 45 crystallises with an anti-planar carboxylic acid 
OH group,J4 preventing the formation of the intramolecular O-R"O hydrogen bond 
observed in 44 (Figure 4.40). 
cm 
Figure 4.40. View of the asymmetric unit of RU(7l-p-cymene)(2,3-Hpydca)Br, 45. 
Hydrogen atoms except OH have been omitted for clarity. Selected hydrogen 
bonding parameters for 45 are shown in Table 4.5. 
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Table 4.5. Selected hydrogen bonding parameters for 45. 
O-HA o AlA O-HI A HA/A 0-11· At' 
0(3 )-H(3 )O(2)i 2.566(13) 0.S4 1.79 153.0 
Symmetry operation: i x+0.5, 1.5-y, l-z. 
Instead, O-H··O hydrogen bonds create spirals of complex 45, propagating along the 
2\ screw axis in the crystallographic a direction (Figure 4.41). 
Figure 4.41. View of the spirals of 45, propagating in the crystallographic a 
direction. 
r/-p-Cymene ligands and hydrogen atoms except OH have been omitted for 
clarity. 
Ru(p-cymene )(2,3-Hpydca)I 46 was crystallised from a solution containing OM SO, 
including one solvent molecule per complex in the structure (Figure 4.42). As 
observed in the bis(OMSO) solvate of pyromellitic acid,85 the OMSO molecule 
hydrogen bonds to the carboxylic acid group through an (acid)O-H··O(solvent) 
hydrogen bond and a complementary, weaker (solvent)C-H··O(acid) hydrogen bond, 
producing an R22(S) graph set motif and hence preventing the intramolecular 
hydrogen bond seen in 44. 
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Figure 4.42. View of the asymmetric unit of Ru( ,l-p-cymene )(2,3-
Hpydca)I'OMSO, 46·OMSO. 
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Hydrogen atoms on the ruthenium complex, except OH, have been removed for 
clarity. Selected hydrogen bonding parameters for 46'OMSO are shown in Table 
4.6. 
Table 4.6. Selected hydrogen bonding parameters for 46·OMSO. 
D-HA D"AtA D-Hf A HAtA D-A"A f' 
0(4)-H(4) 0(5) 2.551(8) 0.84 1.76 156.5 
C(13)-H(13) 0(5); 3.294(9) 0.98 2.46 147 
C(19)-H(19C) 0(3) 3.492(14) 0.98 2.63 148 
Symmetry operation: ; 2-x. 0.5+y, 2-z. 
The hydrogen bonds within the acidfDMSO R22(8) synthon combine with an (acid)C-
H""O(solvent) hydrogen bond to produce zigzag chains, propagating parallel to the b 
axis (Figure 4.43). 
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Figure 4.43. Zigzag chains of Ru( r/-p-cymene)(2,3-Hpydca)I·DMSO, 
propagating parallel to the b axis. 
Hydrogen atoms not involved in hydrogen bonding have been omitted for clarity. 
Despite the crystallisation of RU(1/-p-cyrnene)(2,4-Hpydca)CI 47, the bromide 48 and 
iodide 49 from different solvent systems including DMF and DMSO, both known to 
hydrogen bond to carboxylic acid groupS62,8S as observed in 46·DMSO, 47-49 have 
been crystallised without the inclusion of any solvent molecules (Figure 4.44). While 
the three structures 47-49 are approximately isomorphous, a clear increase in volume 
of the orthorhombic unit cell is seen with increasing halide size (Table 4.7), with the 
enlargement being most pronounced in the a unit cell length. The Flack parameters263 
with their associated standard uncertainties are detailed in Table 4.7; all were zero 
within three s.u.'s. 
Table 4.7. Comparison of structures 47-49 Ru(7/ -p-cymene)(2,4-Hpydca)X. 
47,X=CI 48,X-Br 
a lA 25.841(3) 26.0017(10) 
b lA 6.1204(7) 6.2079(2) 
e lA 10.7934(13) 10.8225(4) 
Space group Pea2) Pea2) 
Flack paramete~62 -0.02(5) 0.014(5) 
Volume increase %" 2.34 
a Volume increase as a percentage compared to chloride 47. 
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26.5861 (15) 
6.3374(4) 
10.8343(6) 
Pea2) 
0.007(18) 
6.94 
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Figure 4.44. Views of (a) Ru(,l-p-cymene)(2,4-Hpydca)CI47 and (b) Ru(7/-p-
cymene)(2,4-Hpydca)Br 48. 
N.B. Chloride 47 and iodide 49 are isostructural. Hydrogen atoms except OH 
have been removed for clarity. Selected hydrogen bonding parameters for 47-49 
are shown in Table 4.8, and show excellent agreement. 
Table 4.8. Selected hydrogen bonding parameters for 47. 
D-H"·A o AlA D-H/A H"A/A D-HA t' 
47 0(4}-H(4)·0(2Y 2.560(5) 0.84 1.75 162.5 
48 0(4 }-H( 4)·0(2)" 2.570(2) 0.84 1.75 163.5 
49 0(4}-H(4)0(2)i 2.560(4) 0.84 1.74 163.5 
Symmetry operations: i 1.5-x,y-1, z+0.5; ii 0.5-x,y+1, z-O.5. 
A single strong hydrogen bond holds the molecules of 47-49 in zigzag chains (Figure 
4.45) which propagate parallel to the c axis, reminiscent of the packing of isophthalic 
. acid (Figure 4.5),52 unsurprising considering the positioning of the carboxyl groups in 
the molecule. The zigzag chains then stack in the b direction, with weak C-H"··O 
interactions between chains within the same and adjacent stacks. 
173 
Chapter 4 
Figure 4.45. Zigzag chains of Ru( Il-p-cymene)(2,4-Hpydca)Cl 47. 
Hydrogen atoms except OH have been omitted for clarity. 
As with compounds 47-49, the three RU(ll-p-cymene)(2,5-Hpydca)X isomers (X = 
Cl, 50; X = Br, 51; X = I, 52) (Figure 4.46) were found to be approximately 
isomorphous with an increase in volume for the larger halides, the changes in the unit 
cell dimensions being most obvious in the c axis (Table 4.9). 50-52 crystallise in the 
centrosymmetric space group JY2,lc, and hence the differences in handedness seen in 
the Ru( Il-p-cymene )(2,4-Hpydca)X series of complexes are not observed. 
Table 4.9. Comparison of structures 50-52 Ru( 1/6 -p-cymene)(2,5-Hpydca)X 
50,X= Cl 51,X= Br 
a lA 9.6776(8) 9.6869(5) 
b lA 10.2118(8) 10.2671(5) 
cIA 16.9848(13) 17.0504(9) 
pr 97.212(2) 97.0550(10) 
Space group JY2,lc JY2,lc 
Volume increase 0/0· 1.06 
a Volume increase as a percentage compared to chloride 50. 
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Figure 4.46. View of Ru( r/-p-cymene )(2,5-Hpydca)CI 50. 
N.B. Bromide 51 and iodide 52 are isostructural to 50. Hydrogen atoms except 
OH have been omitted for clarity. Selected hydrogen bonding parameters for 50-
52 are shown in Table 4.10 and show excellent agreement. 
Table 4.10. Selected hydrogen bonding parameters for 50. 
D-HA DA/A D-HI A HA/A D-HAf 
50 0(4)-H(4) 0(2/ 2.571(4) 0.84 1.73 177.3 
C(8)-H(8) 0(3)" 3.305(5) 1.00 2.49 139 
C(I O)-H(l OA)0(2)iii 3.481(5) 0.98 2.82 126 
51 0(4)-H(4)0(2X 2.574(5) 0.84 1.74 176.1 
52 0(4)-H(4) 0(2)' 2.594(5) 0.84 1.75 178.0 
S try f· i 1 . ii l' iii 1 1 ymme opera Ions. x- ,y, z, -x, -y, -z, -x, -y, -z. 
A single O-HooO hydrogen bond creates chains of complexes 50-52 (Figure 4.47), 
with C-HoO interactions between carboxyl oxygen atoms and C-H donors of the Pri 
substituent of a p-cymene ligand in another chain holding two chains in close 
proximity, creating a ladder pattern extending in the a direction (Figure 4.48). 
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Figure 4.47. Chains of Ru( ,/-p-cymene)(2,5-Hpydca)CI 50. 
Hydrogen atoms except OH have been omitted for clarity. 
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Figure 4.48. View of the R23(9) graph set motif between chains of 50, producing 
ladders. 
Hydrogen atoms except those involved in hydrogen bonding have been omitted 
and covalent bonds except those within the r3(9) motifs are shown by open 
bonds for clarity. 
The crystallisation of RU(7l-p-cymene)(2,5-Hpydca)CI50 via the vapour diffusion of 
Et20 into a DMF solution produced crystals of 50 in the absence of any other 
compound, while in the presence of terephthalic acid in the same solvent system, its 
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DMF solvate, 50'OMF (Figure 4.49), was isolated instead of the desired 501H2 TA co-
crystal. Rather than hydrogen bond to the carboxylic acid group via an O-H"""O and 
complementary C-H"""O hydrogen bonding R22(7) motif as seen in numerous 
carboxylic acidlDMF solvates62 and as discussed in section 2.2.2, the DMF molecule 
lies such that it interacts with the carboxylic acid group through an O-H"" 0 hydrogen 
bond in addition to a C-H"""Cl interaction with a neighbouring complex using its 
formyl hydrogen atom (Figure 4.50). Here, DMF facilitates the formation of a 
supramolecular array, rather than limiting the dimensionality as has been seen in some 
of the DMF solvates in section 2.2.2. A later example in chapter 5 shows DMF 
adopting the R2l7) mode of hydrogen bonding with a ruthenium complex related in 
structure to 50. 
C(SI 
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Figure 4.49. RU(T/-p-cymene)(2,5-Hpydca)Cl'OMF 50·DMF. 
Hydrogen atoms on the ruthenium complex except OH have heen omitted for 
clarity. Selected hydrogen bonding parameters for 50'OMF are shown in Table 
4.11. 
Table 4.11. Selected hydrogen bonding parameters for 50·OMF. 
0(3}-H(3) 0(5) 
C(18}-H(l8)""Cl(l )i 
DA!A 
2.550(5) 
3.674(6) 
Symmetry operation: i x+ I, y, z. 
D-H! A 
0.84 
0.95 
177 
H"A!A 
1.75 
2.72 
D-HAt' 
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Figure 4.50. Chains of 50 linked by DMF molecules in 50·DMF. 
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Hydrogen atoms except OH and aldehyde H have been omitted for clarity. 
Initially, the complexation of 2,3-H2Pydca to the [RU(ll-p-cymene)f+ fragment was 
attempted in MeOH, producing a yellow precipitate, identified by NMR spectroscopy 
as 44. When the volume of solvent was reduced in vacuo with slight heating, the 
yellow precipitate dissolved in the solvent, producing a deep red solution. Further 
concentration and slow evaporation produced large, red, X-ray quality crystals which 
were characterised as the methanol solvate of 53, the methyl ester of 44. lH (3.92 
ppm, 3H singlet) and l3C NMR (53.7 ppm, CH3) spectroscopy indicated that the bulk 
sample was indeed the methyl ester. Methylation is thought to have occurred due to 
the presence of the HCl by-product in the reaction mixture, however methylation of 
compounds 47 and 50 using a similar method failed to produce the desired methyl 
ester. 
~ ~ Hel I 
Ru 
.. Ru 
0/ I "'-Cl MeOH O/I"Cl ~ :0 0 1 "" -H2O o I "" H02C # Me02C .# 
44 53 
Figure 4.51. Reaction equation for the esterification of 44. 
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Methylation of the protonated carboxylic acid group prevents the formation of the 
intramolecular hydrogen bond seen in 44, instead the only strong hydrogen bonding 
within 53·MeOH is between the coordinated carboxyl group and the MeOH 
molecule, which was found to be disordered over two sets of positions (no hydrogen 
atoms were found on the solvent molecules) (Figure 4.52). The complex dimerises 
through the formation of C-W·CI hydrogen bonds (Figure 4.53(a)), and cavities exist 
in which the MeOH molecules reside (Figure 4.53(b )). 
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Figure 4.52. RU(ll-p-cymene)(2,3-Mepydca)CI·MeOH, 53·MeOH. 
Hydrogen atoms have been omitted for clarity. Alternative position for MeOH 
solvent molecule shown using open bonds and atom labels appended X. Selected 
hydrogen bonding parameters and 0···0 close contact distances for 53·MeOH 
are shown in Table 4.12. 
Table 4.12. Selected hydrogen bonding parameters and 0···0 close contact 
distances for 53·MeOH. 
D-HA 
0(5)0(2) 
C(13)-H(l3)CI(I )i 
DAtA 
2.759(6) 
3.591(3) 
Symmetry operation: i I-x, I-y, 2-z. 
D-Ht A HAtA D-ll·A t' 
0.95 2.84 137 
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(a) (b) 
Figure 4.53. (a) Complex 53 dimerises through C-H"'Cl hydrogen bonds and (b) 
Space-filling plot showing the cavities in which MeOH molecules reside (MeOH 
removed for clarity). Hydrogen atoms except those involved in hydrogen. 
bonding have been removed for clarity. 
The intentional synthesis of methyl esters 54-56 was carried out using the sodium 
carboxylate salts of the parent acid complexes 44, 47 and 50 respectively as 
nucleophiles in the reaction with MeI, a strong electrophilic methylating reagent 
(Figure 4.54). 
~ 0.5 Na,C03 ~ RX ~ Ru Ru • Ru 
0"""'- I '-cl 
-H,O .. 0"""'-1 'Cl 
- NaX 0"""'- I "Cl o~ -co, o~ o~ 
..., 0 
CD,H 
"..... (1) C02R X-R 90 Na 
U 
Figure 4.54. Synthesis of esters from carboxylate salts utilising alkyl halides 
(X = halide). 
Methyl esters were obtained, however in all three cases, single crystal X-ray analysis 
identified the halide coordinated to the ruthenium centre as iodide, resulting from the 
substitution of r from the NaI by-product for cr (for example, Figure 4.55). 
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Spectroscopy CH NMR, I3C NMR and IR), mass spectrometry and microanalyses all 
indicate that only the iodide forms were present in the bulk samples. 
~ ~ ~ I 0.5 Na,CO, Mel I Ru Ru • Ru 0"""'" I "cl • 0"""'" I "cl 0"""'" 1'-.....1 - H,O 
- NaCI o~ - CO, o~ ~ El) 0 1 '" .# O,H .# & Na .# CO,Me 
Figure 4.55. Synthesis of Ru(r/-p-cymene)(2,5-Mepydca)I 56. 
Ru( 7]6 -p-cymene )(2,3-Mepydca)I 54 (Figure 4.56) shows good similarities with the 
chloride form 53, but without any included solvent in this case. 
CI91 
CflOl 
cm 
Figure 4.56. View of RU(7]6-p-cymene)(2,3-Mepydca)I 54. 
Hydrogen atoms have been removed for clarity. 
Unlike its acid form 47, the asymmetric unit of RU(7]6-p-cymene)(2,4-Mepydca)! 55 
(Figure 4.57) contains two molecules of the complex (Z' = 2). Checks using 
PLA TON263 for additional, missed symmetry showed the structure to have been 
assigned the correct space group. Careful inspection of the stereochemistry of the two 
unique molecules shows that, in fact, the compound has crystallised with two 
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molecules of opposite stereochemistry in the asymmetric unit. The two complexes are 
not truly enantiomeric due to different conformations of the p-cymene ring with 
respect to the donor atoms of the other ligands (Figure 4.58). Extending the sequence 
rules of organic chemistry for determining the R - or S-configuration of a chiral centre 
to pseudo-tetrahedral metal(ltarene) complexes, Stanley and Baird suggested that 
the 7]6 -arene ligand be considered as a pseudoatom of atomic mass equal to the sum of 
the atomic masses of all of the atoms coordinated to the metal atom?65 However, the 
usual sequence rules for organic compounds require the use of atomic numbers, and, 
as recently noted by Brunner/66 earlier work by Tirouflet and co_workers267 
considered the 7]6 -arene ligand as a pseudoatom of atomic number equal to the sum of 
the atomic numbers of all of the atoms coordinated to the metal atom.us Using the 
correct (Tirouflet) rule, the order of priority is therefore r>7]6-p-cymene>O>N, 
identifYing the complex shown in Figure 4.57(a) as having stereochemistry SRu and 
the complex in Figure 4.57(b) having stereochemistry RRu. 
(a) (b) 
CI281 
U-.wc ............ - ... "CI251 
1111 
1121 
Figure 4.57. View ofthe two independent complexes in the asymmetric unit of 
RU(7]6-p-cymene)(2,4-Mepydca)I SS. Complex (a) has stereochemistry SRu; 
complex (b) has stereochemistry RRu' 
Hydrogen atoms have been removed for clarity. 
182 
Chapter 4 
Figure 4.58. The different conformations of the N,O,I donor atoms with respect 
to the p-cymene ring in the two independent complexes in 55. 
Methylation of the carboxylic acid group inherently places some limits on the 
suprarnolecular potential of these complexes, however Ru( 176 -p-cymene )(2,5-
Mepydca)1 56 (Figure 4.59) still adopts zigzag chains formed by C-H··I interactions 
(Figure 4.60). 
Cl10I 
CI9> 
CI2J 
H~. ~CI1J-oC171 
CISI. 
• 
Figure 4.59. View of RU(176-p-cymene)(2,5-Mepydca)I 56. 
Hydrogen atoms have been removed for clarity. 
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Figure 4.60. Zigzag chains of 56 held by C-H···. hydrogen bonds. 
Hydrogen atoms not involved in hydrogen bonding have been omitted for clarity. 
Selected hydrogen bonding parameters are shown for 56 in Table 4.13. 
Table 4.13. Selected hydrogen bonding for 56. 
D-H"·A 
C(2)-H(2)J(l )i 
C(3)-H(3)J(I)i 
DAtA 
3.877(4) 
3.841(5) 
Symmetry operation: i I-x, 0.5+y, O.5-z. 
D-Ht A 
0.95 
0.95 
H"AtA 
3.23 
3.15 
D-H·Af 
127 
131 
Attempts to crystallise the sodium salt of acid 50, the intermediate in the synthesis of 
ester 56, instead crystallised Ru(2,5-Hpydca)z(MeCN)2·H20 with the r/-arene 
displaced (identified by single crystal X-ray diffraction), an indication of the 
instability of the sodium salts in aqueouslMeCN solution over a period of a few 
weeks.269 
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4.4.4. Discussion ofthe General Structural Features of Complexes 41-56 
There is little spread in the Ru-N and Ru-O bond lengths and O-Ru-N bond angles in 
complexes 41-56 (Table 4.14), and the values are in good agreement with those 
observed in RU(ll-mesitylene)(2-pyca)Cl·3H20.257 Interestingly, the Ru-N and Ru-O 
bond lengths are longer (significantly so for Ru-N) in complexes 41-56 than in 
Ru(N,O-pyridinecarboxylate) complexes not bearing an ll-arene (see CSD search 
entry in Table 4.14). The chelated O-Ru-N bite angle is smaller in the presence of the 
ll-arene by up to 1 0, indicating that the coordination of the pyridinecarboxylate is 
modified by the presence of the bulky arene occupying three of the coordination sites. 
The O-Ru-N angle in RU(1l-p-cymene)(2,3-Hpydca)CI 44 (75.4(2)") is significantly 
shallower than in any of the other examples in Table 4.14 (the next shallowest being 
76.97(14)"), presumably the intramolecular hydrogen bond in the [2,3-Hpydcar 
ligand affects the coordination. 
In all cases except complexes 45, 46'DMSO, 50'DMF, 53'MeOH, 54 and 56, the two 
carboxyl groups of the RU(1]6-p-cymene)(2,n-Hpydca)X complexes are approximately 
co-planar with the pyridine ring (dihedral angles are all less than 10,. Hydrogen 
bonding of the carboxylic acid group to the associated DMF molecule in Ru( 1]6 -p-
cymene)(2,5-Hpydca)CI'DMF 50'DMF results in larger deviations of the carboxylic 
acid group from co-planarity with the pyridine ring. While the complex Ru( 1]6 -p-
cymene)(2,3-Hpydca)CI 44 contains the intramolecular hydrogen bond, preventing a 
large deviation of the C02H group from co-planarity with the pyridine ring, neither 
the bromide 45 or the iodide 46·DMSO contain the intramolecular hydrogen bond and 
so the C02H groups lie at angles of 89.7(9)° and 83.1(4)" respectively to the pyridine 
ring. Methylation of the C02H group forces the C02Me group to lie at angles of 
78.10(19)° and 71.79(13)° to the pyridine ring due to steric effects between the 
adjacent groups in complexes 53·MeOH and 54 respectively. The C02Me groups lies 
at an angle of 16.7(6)" to the pyridine ring in the complex 56. 
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Table 4.14. Selected bond lengths and angles for complexes 41-56. 
41'"20 
Ru(2-pyca)CI'H20 
Ru-arenea 
lA 
1.6540(19) 
Ru-N 
lA 
2.086(4) 
Ru-O 
lA 
2.078(3) 
Ru-X 
lA 
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O-Ru-N 
r 
2.4120(12) 77.79(14) 
42 Ru(2-pyca)Br 1.6632(11) 2.092(2) 2.0815(19) 2.5355(4) 78.03(8) 
· ~~. ~~(?~PY.~~).1 .................... 1 :?!??( 1 :'!) ... ?: ~?:'!m ...... ?: q.~ ~ .(?) ...... ?:'.~ ~ .??( ~). .... ?! :??(! ~2 .. . 
44 Ru(2,3-Hpydca)CI 1.672(3) 2.100(6) 2.074(5) 2.4078(19) 75.4(2) 
45 Ru(2,3-Hpydca)Br 1.677(5) 2.110(9) 2.087(8) 2.5442(15) 77.7(3) 
46'DMSO 1.672(3) 2.090(6) 2.092(5) 2.7232(8) 77.5(2) 
· ~~(2!~ ~!! PX~(;~ 11 .. .o.ty1.~Q ........................................................................................ . 
47 Ru(2,4-Hpydca)CI 1.656(2) 2.095(4) 2.099(3) 2.4069(14) 77.41(16) 
48 Ru(2,4-Hpydca)Br 1.6604(9) 2.0957(17) 2.0997(14) 2.5420(3) 77.67(6) 
· ~9. ~~(?! i~ !!PX~c~).I. ............ .1. :?!~?(! .~) ... ?: Q?~m ...... ?:! .Q?(~) ...... ?: .. ??8!l.( ~) ..... ?J.:?? (!}.2 .. . 
50 Ru(2,5-Hpydca)CI 1.6667(16) 2.102(3) 2.090(3) 2.4099(11) 77.12(11) 
50'DMF 1.6629(18) 2.104(3) 2.081(3) 2.4106(12) 77.68(12) 
Ru(2,5-Hpydca)CI'DMF 
51 Ru(2,5-Hpydca)Br 1.668(2) 2.098(5) 2.096(4) 2.5244(8) 77.05(16) 
· ~2. ~~(?!? ~ !!px~(;~ 11 ............. .1. :~! ~m ...... 2: ~?:'!( 4). ..... . ?:q??Q) ...... ?:'.? ~.~ .1.(?) ..... ? ~:?! (!:'!2 .. . 
53'MeOH 1.6587(11) 2.104(2) 2.0830(17) 2.4134(7) 77.44(7) 
Ru(2,3-Mepydca)CI'MeOH 
54 Ru(2,3-Mepydca)1 
55 Ru(2,4-Mepydca)1 
56 Ru(2,5-Mepydca)1 
Ru( r/-mesitylene )(2-
pyca)CI'3H20 257 
Ru(pyridinecarboxy lates i 
1.6682(9) 
1.6658(12) 
1.6743(13) 
1.6743(16) 
1.679 
2.1090(18) 
2.086(2) 
2.084(2) 
2.093(3) 
2.102(4) 
2.06(4) 
2.0919(15) 
2.092(2) 
2.079(2) 
2.076(3) 
2.101(4) 
2.07(8) 
2.7205(2) 
2.6971(3) 
2.7318(3) 
2.7111(4) 
2.420(1) 
77.20(7) 
77.48(9) 
77.90(9) 
77.45(12) 
77.9(2) 
79.0(15) 
a Ru-arene distance is measured as the distance between the Ru atom and the least-
squares plane of the aromatic ring of the ,l-p-cymene ligand. 
b CSD search carried out using version 5.25, plus 2 updates, April 2004. 
N.B. r/-p-Cymene Jigands have been omitted from the compound names in this table. 
Analysis of the Ru-C bond lengths in the complexes shows that in all cases except 50, 
the longest Ru-C bond length is either trans to 0 or N, with the majority of cases 
having the longest Ru-C bond length trans to N. Complex 50 has the longest Ru-C 
bond lengths trans to Cl, in direct contrast to the majority of cases where the shortest 
Ru-C bond length is trans to the halide. 
Complexes 42, 43, 45, 47, 48, 53, 54 and 55 all show bond length alternation around 
the coordinated p-cymene ring, indicating some degree of 7i-electron delocalisation 
within the ring. Interestingly, none of the complexes bearing the 2,5-substituted ligand 
(complexes 50, 51, 52 and 56) show significant bond length alternation, while there 
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does not appear to be a trend in whether the other complexes do or do not have 
significant bond length alternation. The majority of the complexes have Me and Pt 
groups (analysed using the branched C of the Pr' group) bent slightly towards the 
metal centre, however complex 52 has both groups bent slightly away from the metal 
centre, while complexes 44, 50, 50'DMF and 51 have the Me group bent towards the 
metal and the Pr' group bent away. 
All of the complexes, except for complex 46, have a staggered conformation of the 
N,O,halide donor set with respect to the ring carbon atoms of the coordinated p-
cymene ring (Figure 4.61(a)). Complex 46 has a conformation in which the I and 0 
are eclipsed with respect to the ring carbon atoms (Figure 4.61 (b)). In both cases, the 
binding of the bidentate pyridinecarboxylate ligand forces the conformations away 
from perfectly staggered or eclipsed (hence only two pairs of atoms are eclipsed in 46 
instead of three). 
(a) 
Figure 4.61. Views of the conformation of the N,O,halide donor set with respect 
to the ring carbon atoms of the p-cymene ring. (a) Staggered conformation, as 
shown for complex 53; (b) Eclipsed conformation, as shown for complex 46. 
There is a strong linear correlation between the Ru-halide bond length and the Ru-
arene distance (where the Ru-arene distance is quoted as the distance of the ruthenium 
atom from the least-squares plane of the arene ring) in the Ru( 176 -p-cymene )(2-pyca)X 
(Figure 4.62), RU(1]6-p-cymene)(2,4-H(Me)pydca)X (Figure 4.63) and RU(1]6_p-
cymene)(2,S-H(Me)pydca)X (Figure 4.64) range of complexes, with a greater Ru-
arene distance with a larger halide, and hence longer Ru-halide bond length. This is 
likely to be because of an increase in the halide's ability to weaken and lengthen 
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bonds trans to itself with increasing halide size through improved back-donation from 
the metal centre filled d-orbitals to the empty orbitals of the halide.27o This trans 
effect would result in an overall increase in the ruthenium-arene distance with 
increasing halide size. In the case of the Ru( 7l-p-cymene )(2,3-H(Me )pydca)X range 
of complexes (Figure 4.65), such structural diversity is present, with intramolecular 
hydrogen bonding as well as C02H and C02Me groups almost perpendicular to the 
pyridine rings, that it is impossible to observe a correlation between the Ru-arene 
distance and the Ru-halide bond lengths. 
Ru(p-eyme ne )(2-pyca IX 
1.675 I 
1.67 
-c( 
- 1.665 ., 
I: 
Br 
R2 = 0.9914 
e 
'I' 1.66 
::I 
a: Cl 
1.655 
1.65 
2.35 2.4 2.45 2.5 2.55 2.6 2.65 2.7 2.75 
Ru~alide lA 
Figure 4.62. Graph showing the linear correlation between the Ru-halide bond 
length and the Ru-arene distance in the RU(7l-p-cymene)(2-pyca)Xrange of 
complexes. 
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Ru(p-<:ymene)(2,4-H(Me)pydca)X 
1.68 
1.675 • 
~ 1.67 
., I c 
e 1.665 
'I' 
:> 
Ill: 1.66 Cl 
1.655 
1.65 
2.3 2.4 2.5 2.6 2.7 2.8 
Ru-balide lA 
Figure 4.63. Graph showing the approximately linear correlation between the 
Ru-halide bond length and the Ru-arene distance in the RU(ll-p-cymene)(2,4-
H(Me)pydca)X range of complexes. 
Ru(p-eymene)(2,SoH(Me)pydca)X 
1.675 
1.674 
1.673 I 
~ 1.672 
., 
1.671 c 
., 
~ 1.67 'I' R2 = 0.9935 
:> 
Ill: 1.669 
Br 
1.668 
1.667 
• 
1.666 
2.35 2.4 2.45 2.5 2.55 2.6 2.65 2.7 2.75 
Ru-balide lA 
Figure 4.64. Graph showing the linear correlation between the Ru-halide bond 
length and the Ru-arene distance in the RU(ll-p-cymene)(2,S-H(Me)pydca)X 
range of complexes. 
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RU(lKYmene K2,3~(Me )pydca)X 
1.68 
• 1.675 Cl 
Br 
-< • • 
- 1.67 m 
c:: 
e • 
'l' 1.665 
" a: Cl 1.66 
• 
1.655 
2.35 2.4 2.45 2.5 2.55 2.6 2.65 2.7 2.75 
Ru-halide lA 
Figure 4.65. Graph showing the Ru-halide bond lengths plotted against Ru-arene 
distances in the Ru(7l-p-cymene)(2,3-H(Me)pydca)X range of complexes. 
4.4.5. Discussion ofNMR Spectroscopic Data 
'H and I3C NMR spectroscopic data for compounds 41-56 are presented in Tables 
4.15-4.19, with signals assigned using COSY ('H/'H correlation) and HMQC spectra 
(' HlI3C correlation). 
While OMSO is known to coordinate to metal centres and there have been crystallised 
examples of Ru( Il-arene) complexes bearing sulphur-bound DMSO,271,272 the use of 
DMSO-~ in the collection of NMR data for compounds 44-52 has not been affected 
by OM SO coordination as the NMR spectra are clearly different for the cr, Br and r 
complexes, and only one complex is present in each case, in contrast to the mixture of 
compounds seen when CD3CN is used as the NMR solvent. In addition, samples 
stored in DMSO-~ for periods of up to a week produce identical spectra to samples 
analysed immediately after addition of DMSO-~. Further evidence of the complexes 
remaining intact in solutions of OM SO is available from the successful crystallisation 
of compounds 46, 48 and 49 from solutions containing OM SO. 
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The (racemic) chirality of the pyridinecarboxylate complexes is clearly seen in their 
NMR spectra. While the NMR spectra of the achiral [Ru(776-p-cymene)X2h dimer 
complexes show symmetry in the molecule with two distinct signals for both the 776_P_ 
cymene hydrogen atoms (doublets; Figure 4.66 (a» and the CH carbon atoms (Figure 
4.67 (a», the chiral RU(776-p-cymene)(pyridinecarboxylate)X complexes have four 
separate signals in the IH (doublets; Figure 4.66 (b» and I3C spectra (Figure 4.67 (b». 
Previous authors have noted ambiguities in tbe a~signment of the signals for the 
aromatic 776 -p-cymene proton and carbon atoms and so here no attempt has been made 
to assign these signals to specific atoms in the molecules. However, it might be 
considered that the signals at highest ppm (most downfield) are closer to the Me 
substituent of the 776-p-cymene ligand and those at lowest ppm (most upfield) are 
closer to the Pri substituent as Pri would be the better electron donor to the aromatic 
nng. 
(aJ (bJ 
I- ~ 
- - -
- '-----' '------' ,--' '---
Figure 4.66. I H NMR siguals for the 776 -p-cymene ring hydrogen atoms in 
(a) IRu(776-p-cymene)X2h and (b) RU(776-p-cymene)(pyridinecarboxylate)X 
(aJ (b) 
Figure 4.67. BC NMR siguals for the 776-p-cymene ring carbon atoms in 
(a) IRu(776-p-cymene)X2h and (b) Ru(p-cymene)(pyridinecarboxylate)X 
Analysis of the spectral data reveals a trend in the chemical shifts of the 776 -p-cymene 
signals (both I H and 13C) in the new chiral pyridinecarboxylate complexes. As the 
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size of the halide coordinated to the [RU(l/-p-cymene)f+ fragment increases from 
chloride through to iodide, the range of the chemical shifts of the aromatic CH signals 
in both the 'H and I3C NMR spectra decrease by up to 0.05 ppm in the 'H spectra and 
up to 1.5 ppm in the I3C spectra. Generally, while the chemical shifts of the 
pyridinecarboxylate ligands remain constant, increasing the size of the halide 
increases the value of the chemical shifts (downfield shift) of the r/-p-cymene ligands 
(all C and H) by as much as 0.12 ppm for 'H and 1.5 ppm for I3C, the effect being 
most obvious on the Me and Pr; substituents of the r/ -p-cymene ring. This 
modification is probably due to the increase in the Ru-arene distance with increasing 
size of coordinated halide discussed earlier. The larger halides are good n-donors, and 
therefore the increased n-donation of electron density from the larger halides to the 
metal centre would result in a greater amount of electron density on the metal centre 
and weaker Ru-C bonds. This would lead to a smaller shielding effect of the r/ -p-
cymene ring by the metal centre in the larger halide complexes. 
4.4.6. IH and '3C data for Ru(rl-p-cymene)(pyridinecarboxylate)X complexes (X 
= Cl, Br, I) 
NMR spectra CH, I3C, DEPT, COSY and HMQc) were obtained on a Bruker DPX-
400 MHz spectrometer operating at 100.61 MHz for I3C and 400.13 MHz for 'H. All 
I3C NMR spectra are proton-decoupled. Alternatively, where indicated in the 
following tables, 'H NMR spectra were obtained on a Bruker AC-250 MHz 
spectrometer operating at 250.13 MHz for' H. Chemical shifts are quoted in parts per 
million (ppm). Spin-spin coupling constants are quoted in Hertz (Hz), and represent 
3 JH.H couplings unless otherwise stated. 
a 
b 
c 
d 
'H NMR data obtained at 250.13 MHz. 
'H NMR data obtained at 400.13 MHz. 
CDCb solvent, spectra referenced to residual solvent signal (7.26 ppm for 'H, 
77.0 ppm for '3C). 
DMSO-~ solvent, spectra referenced to residual solvent signal (2.50 ppm for 
'H, 39.5 ppm for '3C). 
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Table 4.15. NMR data for Ru(rl-p-cymene)(2-pyca)X (X= Cl, Br and I) 41-43. 
~ 
I 
Ru 
0""""'- I "-cl o~ 
41"c 
). 0 17 
10 5 I 6 
Ru 
o/I ........... x 
0
16 
"I N"", 15 
12 # 14 
\3 
~ 
I 
Ru 
0""""'- I 'Br o~ 
42b,c 
~ 
I 
Ru 
0.........-1 ........... 1 o~ 
43b,c 
C(1) }JC 102.9 (equal) 103.2 (equat) 104.4 (equal) 
C(4) 13c 99.2 (equat) 98.2 (equal) 97.5 (equal) 
C(2) IH 5.63 (IH, d, J 6.2) 5.64 (lH, d, J 5.2) 5.62 (lH, d, J 5.6) 
5.60 (lH, d, J 6.3) 5.61 (IH, d, J 5.6) 5.58 (IH, d, J 6.0) 
C(3) 5.48 (lH, d, J 5.8) 5.50 (lH, d, J 5.5) 5.52 (IH, d, J 5.6) 
5.39 (lH, d, J 5.8) 5.43 (lH, d,J5.4) 5.43 (l H, d, J 6.0) 
C(5) 
'1'3' •.••.•.••.•..•..•.••.••••..•..........................•...............•..•.••.•..••••.••••. 
C 83.3 (CH) 82.4 (2CH) 82.7 (CH) 
83.0 (CH) 82.0 (CH) 82.5 (CH) 
C(6) 82.0 (CH) 81.2 (CH) 81.90 (CH) 
81.3 (CH) 81.87 (CH) 
C(7) IH 2.30 (3H, s) 2.31 (3H, s) 2.35 (3H, s) 
.), ..•..•.•..•.••....•....•........•..................•....•..•.•..•....••••..••••••••••••..•. 
C 19.2 (CH3) 19.2 (CH3) 19.9 (CH3) 
C(8) IH 2.88 (lH, sept,J6.9) 2.89 (IH, sept,J6.8) 2.96 (lH, sept,J6.8) 
.), ...................................................•.•..•.••.•..•.•.••.•••••.••..•••....... 
C 31.5 (CH) 31.2 (CH) 31.5 (CH) 
C(9) IH 1.24 (3H, d, J 6.7) 
1.23 (3H, d, J 6.9) 
1.22 (3H, d, J7.1) 
1.20 (3H, d, J7.1) 
1.24 (3H, d, J7.0) 
1.19 (3H, d, J 6.9) 
C(10) 
), .......................................................................................... . 
C 22.73 (CH3)' 22.32 (CH3) 22.42 (CH3) 
22.65 (CH3) 22.26 (CH3) 22.35 (CH3) 
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C(ll) IJC 151.4 (equal) 151.4 (equat) 
C(12) iH 8.03 (lH, d, J 7.4) 7.98-7.95 (IH, m) 7.94 (IH, d, 17.2) 
"l1"c'" ...... i 27"."2'( CH)""""""'" j 26'-1"( CH)"""" ....... j'26:6" (cm········ 
C(13) IH 7.97-7.91 (lH, m) 7.92-7.88 (lH, m) 7.90-7.87 (lH, m) 
·uC·········i3ci."i·(CH)···············j"3Cjj·(CH)·········'·"··'139.-i·(Ci-iY"'··'· 
C(14) IH 7.59-7.55 (IH, m) 7.60-7.58 (IH, m) 7.56-7.53 (IH, m) 
.. :f .......................................................................................... . 
1 C 129.4 (CH) 128.3 (CH) 128.1 (CH) 
C(IS) iH 8.96 (lH, d, J 5.1) 9.02-9.01 (lH, m) 8.95 (lH, d, J 4.4) 
.. :f .......................................................................................... . 
1 C 153.2 (CH) 153.4 (CH) 154.2 (CH) 
171.7 (equat) 170.9 (equal) 
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Table 4.16. NMR data for RU(ll-p-cymene)(2,3-Hpydca)X (X = Cl, Br and I) 44-
46. 
44a.d 
). 'cl' 7 
Hl j I 6 
Ru 
0/ I ""-x 
" N o 11, -...:::: I~ 
12 ....9 14 
Ho2e 13 
" 
4Sb,d 46b.d 
C(l)} IJc 101.7 (equat) 102.0 (equal) 103.4 (equat) 
C(4) IJC 98.6 (equal) 97.6 (equal) 97.2 (equat) 
C(2) 
C(3) 
C(5) 
C(6) 
IH 5.89-5.88 (2H, m) 5.91 (lH, d, J6.0) 5.92 (IH, d, J 6.4) 
5.69 (IH, d, J 6.9) 5.89 (IH, d, J 6.8) 5.87 (IH, d, J 6.4) 
5.67 (IH, d, J 6.9) 5.74 (IH, d, J6.0) 5.79 (lH, d, J 6.0) 
5.69 (lH, d, J 5.6 ) 5.71 (lH, d, J 6.0) 
1)[···················································· ............................................ . 
C 82.9 (CH) 82.23 (CH) 82.4 (CH) 
82.8 (CH) 82.15 (CH) 82.3 (CH) 
81.5 (CH) 
80.6 (CH) 
81.7 (CH) 
80.7 (CH) 
81.7 (CH) 
81.5 (CH) 
C(7) IH 2.15 (3H, s) 2.21 (3H, s) 2.27 (3H, s) 
C(8) IH 2.74(lH,sept,J6.9) 2.78 (IH,sept,J6.8) 2.84(lH,sept,J6.8) 
·n··· .. ···· .. · .. ··················· .. ··· .......................................................... . 
C 30.8 (CH) 30.6 (CH) 30.9 (CH) 
C(9) IH 1.16 (3H, d, J 6.5) 
1.14 (3H, d, J 6.5) 
1.17 (3H, d, J7 .2) 
1.16 (3H, d, J 6.8) 
1.18 (3H, d, J 6.8) 
1.17 (3H, d, J 6.8) 
C(lO) 
1)[···················································· ........•.•••.•.....•••.••.•.••••..........•• 
C 22.3 (CH) 21.9 (CH3) 21.9 (CH) 
22.1 (CH) 21.8 (CH3) 21.8 (CH) 
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C(ll) lJe 146.4 (equat) 146.1 (equat) 146.3 (equal) 
134.2 (equat) 133.8 (equat) 
8.13 (lH, d, J7.6) 8.13 (lH, d, J 8.0) 8.12 (lH, d, J8.0) 
--.'e----------i38:2-(CH)----------~------i3i.7-(CH)-----------------ij7.-8-(CH)--------~ 
C(14) IU 7.80 (IH, dd,J7.6, 
5.6) 
7.80 (IH, dd, J 8.0, 
5.6) 
7.79 (lH, dd, J7.6, 
5.6) 
--, -_. --- ------_. ------- ---- ------ --~ - ~ ------- -~ ------ -- -- ------- ------ -- - ~ ~ -- --- - ~ ~ ~ ------ -- ------ ~ 
I e 128.3 (CH) 127.9 (CH) 127.8 (CH) 
C(lS) IU 9.32 (IH, d, J 5.3) 9.32 (IH, d, J 5.6) 9.28 (IH, d, J 5.6) 
-ne --- -------I 54-.9 -(CH) ----. ---. ----- ---i5Sj- -(CH) -- ---- ----- -~ ----i -56."6 -(CHY --- ~ --- ~ 
c(16)}lJe 
C(17) l3e 
169.7 (equat) 
167.4 (equat) 
170.0 (equat) 
169.2 (equat) 
196 
168.9 (equat) 
166.8 (equat) 
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Table 4.17. NMR data for Ru(r/-p-cymene)(2,4-Hpydca)X (X = Cl, Br and I) 47-
49. 
, , , 
~' 
10 5 I 6 
Ru 0/ 1 ""x 
" N o 111 ~15 
12 # 14 
" 
17C02H 
~ ~ r---o-
I I I 
Ru Ru Ru 0/1 "'-cl 0/1 ......... 8 , 0/ 1 """I 
o~ o~ ~ 
CO,H CO,H CO,H 
47a,i1 48~·ll 497;,(1 
C(1) }IJC 10 1.5 (equal) 102.2 (equal) 103.9 (Cquat) 
C(4) J3c 98.6 (equal) 97.9 (equal) 97.8 (CquaI) 
C(2) 'H 5.95·5.91 (2H, m) 5.92 (lH, d, J 6.0) 5.93 (lH, d, J 5.6) 
5.73-5.68 (2H, m) 5.90 (lH, d, J 6.4) 5.88 (IH, d, J 6.1) 
C(3) 5.75 (lH, d,J6.0) 5.79 (IH, d,J6.0) 
5.70 (lH, d,J6.0) 5.71 (IH, d,J5.9) 
C(5) 
r-r .......................................................................................... . 
C 82.9 (CH) 82.42 (CH) 82.9 (CH) 
82.6 (CH) 82.38 (CH) 82.8 (CH) 
C(6) 81.3 (CH) 81.8 (CH) 82.3 (CH) 
80.3 (CH) 80.7 (CH) 81.8 (CH) 
C(7) IH 2.16 (3H, s) 2.21 (3H, s) 2.28 (3H, s) 
C(8) , H 2.74 (I H, sept, J 6.9) 2.77 (I H, sept, J 6.8) 2.83 (I H, sept, J 6.8) 
. ·fIC········· "30.5'( CH)················ "30:6' (CHy················ 3' i :3·CCHj········ 
C(9) 'H 1.15 (3H, d, J 6.8) 
1.13 (3H, d, J 6.8) 
1.15 (3H, d, J 6.8) 1.163 (3H, d, J 6.9) 
1.14 (3H,d,J6.8) 1.156 (3H,d,J6.9) 
C(lO) nC···· .... 'ii:i)'CCH;j' ........... "-2 i:s(-6i;j---- -- ---------iij-(CH;)----- --. 
21.8 (CH)) 21.7 (CH) 22.2 (CH) 
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151.6 (Cqual) 151.6 (Cqual) 152.1 (Cqual) 
8.06 (IH, s) 8.04 (lH, s) 8.03 (IH, s) 
.. Jr .......................................................................................... . ( e 123.9 (CH) 123.8 (CH) 124.2 (CH) 
C(13) l3e 141.0 (Cqual) 140.9 (Cqual) 141.2 (Cqual) 
C(14) IU 8.09 (lH, d, J 5.3) 8.09 (lH, d, J 5.6) 8.08 (JH, d, J 5.6) 
(3e 126.9 (CH) 126.8 (CH) 127.2 (CH) 
CClS) IU 9.45 (lH, d, J 5.6) 9.44 (lH, d, J 5.6) 9.40 (lH, d,J 5.7) 
.. Jr .......................................................................................... . ( e 155.0 (CH) 155.4 (CH) 156.8 (CH) 
C(16)}l3e 
CCl7) l3e 
169.8 (Cqual) 
164.7 (Cqual) 
169.6 (Cqual) 
164.6 (Cqual) 
198 
169.8 (Cqual) 
165.0 (Cqual) 
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Table 4.1S. NMR data for Ru(rl-p-cymene)(2,5-Hpydca)X (X= Cl, Br and I) 49-
51. 
~ /B 4QI 7 
10 S I 6 
Ru 
o/I'x 
i6 N 
o III ~ 15 
12 #' 14 17 
13 C02H 
~ ~ I I 
Ru Ru 
0/ I '-..CI 0/ I '-..B' 
o~ o~ 
.4' O,H D,H 
49~,il 50~,il 
C(l) YJC I 0 1.3 (Cqual) 101.5 (Cqual) 
C(4) I3C 99.2 (Cqual) 98.3 (Cqual) 
C(2) IH 5.98 (l H, d, J 6.0) 5.97 (lH, d,J6.0) 
5.94 (IH, d, J 6.0) 5.93 (IH, d, J 6.0) 
C(3) 5.70 (2H, d, J 6.0) 5.73 (l H, d, J 6.8) 
5.72 (IH,d,J6.4) 
~ 
I 
Ru 
0/1'1 
o~ 
O,H 
51 5,4 
103.1 (CquaD 
98.3 (CquaI) 
5.98 (l H, d, J 6.0) 
5.91 (IH,d,J6.0) 
5.79 (\H, d, J 6.0) 
5.72 (IH, d, J 6.0) 
C(5) fJC····· .. · .. g3".3·(CH) .... ·· .. · ...... ··S:i:7"CCH) ...... " .. ' ' .... 's3j·(rny-.... ". 
83.2 (CH) 82.6 (CH) 82.5 (CH) 
C(6) 80.8 (CH) 81.0 (CH) 82.1 (CH) 
80.1 (CH) 80.2 (CH) 81.3 (CH) 
2.16 (3H, s) 2.21 (3H, s) 2.27 (3H, s) 
'nc'"'''''' i'g:s' (CH;)'"'''''''''''' i's:s('di;j·'' .. '''' .... 'I 9.6 '(CH;) " .. ,'" 
C(S) IH 2.73 (lH, sept, J 6.8) 2.77 (lH, sept, J 6.8) 2.82 (lH, sept, J 6.8) 
'H·C""· .. ,' 30.9 '(CH)'·'·"'·, .. "'" "30'-6' C CHy .. " .. ,"', .. ,·, :31 j' (CH)"'''''' 
C(9) IH 1.16 (3H, d,J6.8) 
1.13 (3H, d, J 6.8) 
1.17 (3H, d, J7.2) 1.181 (3H, d, J 6.8) 
1.15 (3H, d, J7.2) 1.175 (3H, d, J 7.2) 
C(10) fJc···,",· 225.0' C CH;y···,',·,"'" 2 i ·.8S· (CH;)'··,···""'" 22.3 '(CH;)"""'-
22.17 (CH3) 21.76 (CH3) 22.2 (CH3) 
199 
Chapler 4 
C(ll) l3C 153.3 (equal) 153.0 (equal) 153.5 (equal) 
C(12) iD 7.89 (IH, d, J 8.0) 7.88 (IH, d, J 8.0) 7.88 (lH, d,J8.0) 
. TJC········ -1 2S·."7·( m)' -. -.. -. -...... i 25.3 -(m)' --...... --'. -. '125:7-(CHY' --... . 
C(13) ID 8.51 (lH, d,J7.6) 8.50 (lB, d,J8.0) 8.49 (lH, d,J8.0) 
·TJc ·········14().6·(m)······--·······i"4o .. i·(m)--··············i"4o .. S-(CHy-------
C(14) \Jc 131.1 (equal) 130.7 (equat) 131.0 (equat) 
C(lS) iD 9.50 (lH, s) 9.49 (lH, s) 9.47 (lH, s) 
-HC ---..... -i 54".3- -(m)------ ---- .. --- i -54.5-( CH) --------- -. -- --i-S5"8 -(CHY---- ---
c(16)}l3C 
C(17) 13C 
169.9 (equat) 
164.8 (equat) 
169.4 (equat) 
164.4 (equat) 
200 
169.6 (equal) 
164.7 (equal) 
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Table 4.19. NMR data for RU(776-p-cymene)(2,n-Mepydca)X (n = 3,X= Cl and I; 
n = 3,X= I; n = 5,X= I) 53-56. 
~ )---Q-- )---Q--
I I I 
Ru Ru Ru 
0""""" I "-ct 0""""" I """-I 0""""" I """-I ~ o~ o~ o I '" MeO,C # MeO,C 
C02Me 
530,c 540,c 550,c 
C(l) C 103.0 (equal) 104.8 (equal) 103.8 (equal) 
C(4 \Jc 99.1 (equal) 97.9 (equal) 96.8 (equal) 
C(2) '0 5.64-5.62 (2H, m) 5.67 (lH, d, J 5.8) 5.65 (lH, d, J 5.1) 
5.47 (lH, d, J 6.5) 5.58-5.50 (2H, m) 5.63 (lH,d,J5.1) 
C(3) 5.44 (IH, d, J 5.8) 5.47 (l H, d, .J 5.8) 5.55 (lH, d, J 5.3) 
5.45 (lH, d, J 5.3) 
C(5) l:fe,,, """83.-:2"C CHY """"", ", ""iii4("rnj """" """" 8 j'.9 '(CH)"""" 
C(6) 
83.1 (CH) 83.0 (CH) 81.7 (CH) 
82.1 (CH) 
81.4 (CH) 
82.4 (CH) 
81.9 (CH) 
81.1 (2CH) 
C(7) '0 2.28 (3H, s) 2.29 (3H, s) 2.37 (3lJ, s) 
, He ""." ""'19: j"(rn;j" ""."",.", --20:2'C CH;y""""""'" j 'g'-8' cCH;y""'" 
C(8) '0 2.88 (lH, sept, J 6.9 Hz) 2.90 (lH, sept, J 6.8) 2.98 (lH, sept, .17.0) 
'He"",·,""j'I.-S'CCHy'·""""',·""'3'j:9("rnj'·'·,"""',·,'30·.(;'{CH)"""" 
C(IO) 
1.26 (3H, d, .17.0) 
1.25 (3H, d, J 6.7) 
1.18 (6H, d, J 6.8) 1.28-1.22 (6lJ, m) 
H"""""""""""""""""""""""""'"""""""""""""""""""""" 
C 22.7 (CH3) 22.81 (CH3) 21.4 (CH3) 
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Chapler4 
C(ll) iJC 148.0 (equal) 
C(12) IH 8.47 (IH, s) 
.-])"c-----------133.-9-(C~~;j----------------i33-.7-(c~~)---------------i24:8(CHj-------
C(13) IH 7.85 (IH,d,J7.6) 7.78 (lH, d,J7.6) 
-n-C ·----------i37.6-(CHj-·-----·-·--------j'J-j.-S-(CH)·-------------i39.0-(C~:,;,.,y------
C(14) IH 7.63 (lH, dd, J7.9, 5.5) 7.66-7.60 (lH, m) 8.07 (lH, d, J 5.6) 
--))"c -"-- ----- --i-28.6 -(CH) ---- --- -- ----- --- -j 2"8:4- (CH) --""" --- -- --- --i 26:ii (CHj -------
C(lS) IH 9.04 (IH,d,J5.6) 9.11 (lH,d,J4.9) 9.08 (lH,d,J5.6) 
-n" -"" -"""" -----------------------------------"""" -" ---------" ------------------------------------
C 154.9 (CH) 156.2 (CH) 153.7 (CH) 
C(16) C 170.1 (equal) 169.7 (equal) 169.2 (equal) 
C(17) I3c 167.4 (equal) 167.4 (equal) 162.8 (equal) 
C(lS) IH 3.92 (3H, s) 3.82 (3H, s) 3.96 (3H, s) 
--fJ"C-----------s"3:7(CH;j-----------------"S3.-S"(CH;y---------------S2j-(CH;y-------
202 
Table 4.19. (cont.) 
56o,c 
103.3 (equal) 
96.9 (equat) 
C(2) IH 5.67-5.62 (2H, m) 
C(3) 
C(5) 
C(6) 
, 
5.54 (lH, d, J 5.8) 
5.45 (lH, d, J 5.8) 
(J ................................ . 
C 81.9 (CH) 
81.7 (CH) 
81.0 (CH) 
80.8 (CH) 
C(7) IH 2.34 (3H, s) 
.. (J ...............................•. 
C 18.8 (CH3) 
C(8) IH 2.92 (IH, sept, J 6.9) 
.. (J ............•..................•. 
C 30.5 (CH) 
C(9) IH 1.26-1.21 (6H, m) 
C(10) 
(J ................................ . 
C 21.4 (CH3) 
21.3 (CH3) 
152.9 (equat) 
203 
Chapter 4 
C(12) IH 8.01 (lH,d,J8.1) 
··f3································· 
e 125.3 (CH) 
C(13) IH 8.44 (lH, d, J7.9) 
··f3································· 
e 138.9 (CH) 
C(14) iJe 129.0 (equal) 
9.41 (lH, s) 
--(3 - -- ------ -. -.- - - - - - -- - - - - - •• - - --. 
e 154.1 (CH) 
c(16)}i3e 
C(17) Ile 
169.2 (equal) 
162. 3 (equal) 
3.98 (3H, s) 
--f3-----------·····--------------··· 
e 52.4 (CH3) 
204 
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4.4.7. Discussion of Visible Spectra of Complexes 41-52 
Solutions of the chloride, bromide and iodide fonns of the complexes differ in colour, 
with chloride solutions appearing yellow, bromide solutions appearing orange and 
iodide solutions appearing red. Inspection of the visible spectra (measured over the 
wavelength range 200-700 nm using a Perkin Elmer EZ301 UVNIS spectrometer) 
(Tables 4.20-4.23 and Figures 4.68-4.71) and calculation of the molar extinction 
coefficients from the absorbances measured show that the complexes do indeed differ 
in their absorption of light. The spectra are all very similar at lower wavelengths, with 
molar extinction coefficients of similar magnitudes. 
The key difference between the spectra of the chloride, bromide and iodide complexes 
is the range of wavelengths over which they absorb light. Chloride complexes absorb 
light over the range 280-ca.SOO nm and bromide complexes absorb light over the 
range 280-ca.S20 nm. Iodide complexes except 43 absorb light over the range 280-
ca.SSO nm, while complex 43, much darker red in colour than the other iodide 
complexes, absorbs light over the range 282-644 nm. At the same wavelength, the 
complexes absorb more strongly with an increase in the size of the coordinated halide. 
The colour of an object is detennined by the absorption of other coloured light and 
reflection of the colour observed. Absorption of certain wavelengths of light results in 
the colour of the object appearing as the complementary colour, and absorption of 
light in the range 400-S00 nm is known to produce yellows close to 400 nm, 
developing to reds close to SOO nm. The tendency of the complexes to absorb light of 
greater wavelength with increasing halide size is shown in the combined spectrum 
shown in Figure 4.72. 
The halides take the order Cl> Br> r in the spectrochemical series/70 and therefore 
the L\, value, and hence the energy of the d-d transitions, will be smaller with 
increasing halide size. This explains the tendency for the iodide complexes to absorb 
at greater wavelengths than bromide and chloride complexes, as energy and 
wavelength have an inverse relationship. The tendency for the complexes to absorb 
more significantly at the same wavelength with increasing halide size can be 
explained by the increased distortion of the complexes from perfect octahedral 
geometry with the increasing halide size. The Laporte rule states that d-d transitions 
are forbidden as d-orbitals possess a centre of symmetry. 270 As the halide increases in 
20S 
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size from chloride through to iodide, the Ru-halide bond length increases and the 
complexes (and hence the d-orbitals) become less symmetrical. The O-Ru-halide and 
N-Ru-halide angles around the ruthenium ion differ within each series containing the 
same pyridinedicarboxylic acid, with angles increasing by up to 2° on going from 
chloride to iodide. This therefore leads to more intense absorptions for complexes 
containing the larger halides. 
Table 4.20. Visible spectra data for complexes 41·HzO-43·HzO. 
Ru(p-cymene)(2-pyca)CI'l-hO Ru(p-cyrnene )(2-pyca)Br' H2O Ru(p-cymene)(2-pyca)I·H20 
RMM 410.86 RMM 455.31 RMM 502.307 
elM 0.00102 elM 0.00101 e/M 0.00104 
Absorbance: 280 - 492 run Absorbance: 282 - 516 nm Absorbance: 282 - 644 nm 
A /nm 
344 
332 
326 
314 
302 
CD 
u 
r:: 
ca 
.a 
... 
o 
~ 1 
"' 
o 
e/dm3 e/dm3 mOrl 
A mOrl cm- t A/nm A cm -I A/nm 
2.60502 2554 344 2.76376 2736 360 
2.94639 2889 334 3.50359 3469 350 
2.75503 2701 300 2.65988 2634 334 
2.84867 2793 316 
2.71146 2658 302 
296 
Plot of Visible Spectra of Ru(p-cymene)(2-
pyca)X.H20 (X = Cl, Br, I) 
- RU(lKymene)(2-pyca)CI.H20 
A 
3.18597 
3.40259 
3.37900 
2.73469 
3.12719 
2.61466 
- RU(lKYmene)(2-pyca)Br.H20 
- RU(lKYmene)(2-pyca)I.H20 
275 375 475 575 675 
Wavelength tnm 
Figure 4.68. Plot of tbe visible spectra of Ru( 7l-p-cymene)(2-pyca)X·HzO, 41-43. 
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&ldm3 mOrl 
cm-I 
3063 
3272 
3249 
2630 
3007 
2514 
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Table 4.21. Visible spectra data for complexes 44-46. 
Ru(p-cymene)(2,3-Hpydca)CI Ru(p-cymene)(2,3-Hpydca)Br Ru(p-cymene )(2,3 -H pydca) I 
RMM 436.86 RMM 481.31 RMM 528.31 
e lM 0.00098 e lM 0.001 e lM 0.00102 
Absorbance: 278 - 496 nm Absorbance: 280 - 512 nm Absorbance: 276 - 548 nm 
c/dmJ cldmJ mOrl c/dmJ mOrl 
,l./nm A mOrl cm-l ,l./nm A cm-l ,l./nm A cm-l 
340 3.16489 3230 342 3.30523 3305 366 3_3998 3333 
328 3.20807 3274 330 3.43936 3439 354 3_76435 3691 
322 3.38 194 3451 322 3.42337 3423 346 3.23353 3170 
306 2.9353 2995 310 3.69623 3696 336 3.41665 3350 
294 3.09015 3090 330 3.69655 3624 
288 2.47333 2473 306 3.30323 3238 
Plot of visible spectra of Ru(p-cymene)(2,3-
Hpydca)X (X = Cl, Br, I) 
4 
3.5 
- Ru(p-cymene)(2.3-Hpydca)CI 
GI 3 - Ru(p-cyrnene)(2.3-Hpydca)Br 
u 2.5 c 
III 
.c 2 ... - Ru(p-cymene)(2.3-Hpydca)1 
0 
1/1 1.5 
.c 
c( 
1 
0.5 
0 
275 375 475 575 675 
Wavelength Inm 
Figure 4.69. Plot of the visible spectra of Ru( rl -p-cymene)(2,3-Hpydca)X, 44-46. 
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Table 4.22. Visible spectra data for complexes 47-49. 
Ru(p-cymene)(2,4-Hpydca)CI Ru(p-cymene)(2,4-Hpydca)Br 
RMM 436.86 RMM 481.31 
elM 0.00103 elM 0.00098 
Absorbance: 282 - 502 nm Absorbance: 278 - 518 om 
cldm3 li /dm3 mort 
A/run A mort cm" A/run A cm" 
360 3.17116 3079 382 2.83556 2893 
344 3.38102 3283 366 3.44228 3513 
334 3.12107 3030 356 3.14801 3212 
312 2.94069 2855 340 3.14764 3212 
300 2.67388 2596 328 2.97089 3032 
306 2.70331 2758 
296 2.70913 2764 
Plot of visible spectra of Ru(p-cymene)(2,4-
Hpydca)X (X = q Br, I) 
4 
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Ru(p-cymene)(2,4-Hpydca)1 
RMM 528.31 
elM 0.00102 
Absorbance: 276 - 548 om 
cldm3 mort 
A/run A cm ., 
382 3.16027 3098 
354 3.33021 3265 
338 3.38189 3316 
328 3.39433 3328 
306 3.11191 3051 
3.5 
.. 3 
~ 2.5 
- Ru(p-cymene)(2,4-Hpydca}CI 
.. 
€ 2 
o 
~ 1.5 
« 1 
0.5 
- Ru(p-cymene)(2,4-Hpydca)Br 
- Ru(p-cymene}(2,4-Hpydca)' 
o -/"-- --,--
275 375 475 
Wavelength Inm 
575 675 
Figure 4.70. Plot oftbe visib le spectra of RU(776-p-cymeDe)(2,4-Hpydca)X, 47-49. 
Table 4.23. Visible spectra data for complexes SO-52. 
Ru(p-cymene)(2,5-Hpydca)CI Ru(p-cymene)(2,5-Hpydca)Br Ru(p-cymene)(2,5-Hpydca)1 
RMM 436.86 RMM 481.31 RMM 528.31 
elM 0.00092 elM 0.00096 elM 0.00105 
Absorbance: 278 - 500 nm Absorbance: 278 - 514 om Absorbance: 278 - 542 om 
li /dm3 li /dm3 mort li /dm3 mort 
A/om A mort cm" A.lnm A cm" A/om A cm" 
356 2.5573 2780 354 2.86752 2987 380 2.93088 2791 
340 2.80395 3048 344 3.19199 3325 340 3.1256 2977 
328 2.75901 2999 328 3.96686 4132 328 3.0256 2882 
322 2.81726 3062 322 3.62531 3776 308 3.02654 2882 
312 3.43018 3728 310 3.10913 3239 
296 3.32514 3614 298 3.2145 3348 
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4.5 
4 
3.5 
~ 3 
c 
.e 2.5 
:: 2 
.0 
er: 1.5 
0.5 
o 
Plot of visible spectra for Ru(p -cymene)(2,5-Hpydca)X 
(X = Cl, Br, I) 
- Ru(p-cymene)(2,5-l-1>ydca)CI 
Ru(p-cymene)(2,5-l-1>ydca)Br 
- Ru(p-cymene)(2,5-l-1>ydca)1 
ill ill ill ill ill ill ill m ~ 
Wavelength Inm 
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Figure 4.71. Plot of tbe visible spectra of RU(7l-p-cymene)(2,5-Hpydca)X, 50-52. 
Cl> 
u 
'" 10 
.&l 
k 
0 
It) 
.&l 
<t 
Plot of visible spectra of Ru(p -cymene)(2-pyca)X 
and Ru(p-cymene)(2,n -Hpydca)X [n = 3, 4, 5; X = 
3.5 Cl (green), Br (red), I (blue)] 
3 
2.5 
2 
1.5 
1 
0.5 
0 
375 475 575 675 
Wavelength fnm 
Figure 4.72. Combined plot of the visible spectra of complexes 41-52. 
Cbloride spectra are sbown in green, bromide spectra in red and iodide spectra 
in blue. 
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4.5. Experimental 
Materials 
RuClJ"xH20 was obtained on loan from 10hnson Matthey Plc and was purified by 
repeated evaporation from distilled water before use. [Ru( 7l-p-cymene )X2h starting 
materials were synthesised using literature methods (38, X = CI I90; 39, X = Br258; 40, 
X = eS9) and all other starting materials were purchased from commercial sources 
(Aldrich, Avocado and Lancaster) and used as received. 
HPLC-grade acetone was pre-dried using molecular sieves prior to use. Et20 was pre-
dried using sodium wire before use. HPLC-grade MeOH was used as received. All 
other solvents were used as received. Deionised water was used where stated. To 
allow crystallisation of the hygroscopic compounds, crystallisation solutions, where 
appropriate, were dried using either Na2S04 or MgS04 then filtered and left to 
crystallise using the conditions stated. 
Physical Measurements 
Mass spectrometry was carried out using a Jeol SXI02 spectrometer using fast atom 
bombardment. Other physical measurements were obtained using methods described 
in the preceding chapters. 
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4.5.1. Characterisation Data for Compounds 41-56 
General Method for the Synthesis of Compounds 41-52 
Unless stated otherwise, the following method was used for the synthesis of 
compounds 41-52. 
Reflux 
+ • 2 
Acetone 
X=Cl, Br, I 
To a stirred solution of [Ru( 176 -p-cymene)X2h 38-40 (X = Cl, Br or I; I eq) in acetone 
was added pyridine-2-carboxylic acid (2 eq) or pyridine-2,n-dicarboxylic acid (n = 3, 
4 or 5; 2 eq). The resulting mixtures were then refluxed and, in most cases, the 
products were formed as precipitates within 18 h and collected by filtration from the 
cooled solution. The precipitates were washed with Et20, dried in air and then dried in 
an oven (120°C) for at least 18 h, before storage in a desiccator containing silica gel. 
41 Ru( 176 -p-cymene )(2-pyca)CI 
[Ru(176-p-cymene)Chh 38 (450 mg, 0.735 mmol) and 2-Hpyca (181 mg, 1.47 mmol) 
were reacted using the general method, however 41 (480 mg, 83 %; mp 172-174 0c) 
was subsequently isolated by the concentration of the reaction solution to :::: 5 ml and 
precipitation of the red solid through the addition of EhO (:::: 15 ml). 
X-ray quality crystals were grown by the slow evaporation of a methanolic solution of 
41 at ft, and were characterised as the monohydrate (41'020). 
IR U max (KBr)/cm·1 3535 and 3465 (OH), 3070 and 3039 (Ar C-H), 2954, 2924 and 
2864 (s/C-H), 1636 (asymm. C02), 1601 and 1567 (C=C and C=N), 1471, 1452 and 
1387 (sp3C-H), 1359 (symm. CO2), 1298, 1244, 1174, 1093, 1060 and 1027, 884, 
858, 773, 706 and 692 (Ar C-H), 311 (Ru-CI). 
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Analysis calculated for C,ifI,sN02RuCI'H20: C, 46.77; H, 4.91; N, 3.41. Found: C, 
46.67; H, 4.79; N, 3.48 %. 
Acc. Mass for 102RuC,ifI,sNOl5cI 393.00621, requires 393.00700. mlz 358 (M+-
35CI), 314 (~_35CI_C~). 
42 RU(T/-p-cymene)(2-pyca)Br 
[Ru(I/-p-cymene)Br2h 39 (125 mg, 0.158 mmol) and 2-Hpyca (39 mg, 0.32 mmoi) 
were reacted, using the general method, yielding 42 as an orange solid (134 mg, 97 %; 
mp 210-212 0C). 
X-ray quality crystals were grown by the slow cooling of a hot, aqueous solution of 
42. 
IR Urnax (KBr)!cm" 3104 and 3050 (Ar C-H), 2961 (siC-H). 1652 (asymm. CO2'), 
1602 (C=N), 1470, 1438 and 1384 (sp3C-H), 1330 (symm. CO2), 878, 850, 779, 708 
and 693 (Ar C-H). 
Analysis calculated for C'6H,sN02RuBr: C, 43.95; H, 4.15; N, 3.20. Calculated for 
C'6H,sN02RuBr + H20: C, 42.21; H, 4.43; N, 3.08. Found: C, 42.08; H, 4.16; N, 3.26 
%. 
43 Ru( 1/-p-cymene)(2-pyca)I 
To a stirred solution of [Ru(I/-p-cymene)hh 40 (125 mg, 0.128 mmol) in acetone (10 
ml) was added an aqueous solution (5 ml) of2-Hpyca (31 mg, 0.26 mmol) and NaOH 
(10 mg, 0.26 mmol). After stirring at rt for 4 h, the acetone was removed in vacuo and 
the resulting aqueous solution extracted with CH2Ch (3 x 10 ml). The organic layers 
were then combined, dried (Na2S04), filtered and evaporated to dryness, yielding 43 
as a dark red solid (116 mg, 94 %; mp 88-91 0C). 
Alternatively, RU(Il-p-cymene)(2-pyca)CI 41 (75 mg, 0.19 mmol) was reacted with 
AgBF4 (41 mg, 0.21 mmol) in acetone for I h and the resulting Agel precipitate 
filtered off through cellite. Nal (31 mg, 0.21 mmol) was added to the solution, causing 
a colour change from yellow to dark red. After 4 h, the solution was evaporated to 
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dryness and CH2CI2 (10 ml) was added. The NaBF4 by-product was filtered off and 
tbe solution was evaporated to dryness, followed by drying under vacuum, yielding 
43'H20 as a dark red solid (89 mg, 93 %). 
X-ray quality crystals were grown by tbe vapour diffusion of Et20 into a CH2Ch 
solution of 43. 
IR Urnax (KBr)/cm·' 3062 (Ar C-H), 2960, 2923 and 2861 (siC-H), 1638 (asymm. 
CO2-), 1602 (C=N), 1467, 1447 and 1384 (sp3C-H), 1338 (symm. CO2"), 762,707 and 
687 (Ar C-H). 
Analysis calculated for C'6H,sN02RuI: C, 39.68; H, 3.75; N, 2.89. Calculated for 
C'6H,sN02RuI + H20: C, 38.26; H, 4.01; N, 2.79. Found: C, 38.88; H, 3.95; N, 3.12 
%. 
Acc. Mass for ,o2RuC,~,sN021 484.94169, requires 484.94256. mlz 358 (M'-I), 314 
(M'-I-C02). 
44 Ru( r/-p-cymene)(2,3-Hpydca)CI 
[Ru(rl-p-cymene)Chh 38 (600 mg, 0.980 mmol) and 2,3-H2pydca (327 mg, 1.96 
mmol) were reacted, using tbe general method, yielding 44 as a yellow solid (773 mg, 
90 %; mp 210-212 0C). 
X-ray quality crystals were grown by tbe vapour diffusion of Et20 into a CH2Ch 
solution of 44. 
IR urnax(KBr)/cm·' 3057 (Ar C-H), 2966, 2918 and 2870 (siC-H), 1721 (C=O, acid), 
1561 (asymm. CO2"), 1523 (C=N), 1467 and 1428 (siC-H), 1374 (symm. CO2-) 
1296,1225,1160,1147,1102 and 1039 (C-O), 878, 850, 821 and 751 (Ar C-H), 310 
(Ru-CI). 
Analysis calculated for C17H,sN04RuCI: C, 46.74; H, 4.15; N, 3.21. Found: C, 46.62; 
H, 3.83; N, 3.43 %. 
Acc. Mass for 102RuC17H'8NOl5CI 436.99600, requires 436.99677. mlz 402 (M'-
35CI), 358 (M'_35CI_C02), 271 (M'-2,3-Hpydca). 
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4S Ru( rl-p-cymene)(2,3-Hpydca)Br 
[RU(I/-p-cymene)Br2h 39 (125 mg, 0.158 mrnol) and 2,3-H2pydca (53 mg, 0.32 
mmol) were reacted, using the general method, yielding 4S as an orange solid (155 
mg, lOO %; mp 220-222 0C). 
X-ray quality crystals were grown by the vapour diffusion of Et20 into a MeN02 
solution of 4S. 
IR U max (KBr)/cm-1 3080 (Ar C-H), 2970 and 2926 (sp3C-H), 1734 (C=O, C02H), 
1605 (asymm. CO2"), 1578 (C=N), 1421 (siC-H), 1371 (symm. CO£), 1315, ll08, 
878,864,829,819,706,696 and 679 (Ar C-H). 
Analysis calculated for C17HISN04RuBr: C, 42.42; H, 3.77; N, 2.91. Found: C, 42.41; 
H, 3.84; N, 2.91 %. 
Acc. Mass for I02RuC17HlsNO/9Br 480.94595, requires 480.94626. m/z 402 (M'-
79Br), 358 (M'_79Br-C0 2), 315 (M'-2,3-Hpydca). 
46 Ru( rl-p-cymene)(2,3-Hpydca)I 
To a stirred solution of RU(I/-p-cymene)(2,3-Hpydca)CI44 (125 mg, 0.286 mrnol) in 
MeOH (10 ml) was added Nal (43 mg, 0.29 mmol). An orange solid began to 
precipitate after 10 min and the resulting mixture was stirred at rt for 18h, after which 
the orange precipitate 46 (lOOmg, 66 %; mp 218-221 °C) was treated as stated in the 
general method. 
X-ray quality crystals of 46-DMSO were grown by the slow evaporation of a 
DMSO/acetonelhexane solution of 46 at rt. 
IR U max (KBr)/cm-1 3076 (Ar C-H), 2963, 2924 and 2866 (sp3C-H), 1733 (C=O, 
C02H), 1606 (asymrn. CO2"), 1583 (C=N), 1462 and 1420 (siC-H), 1368 (symm. 
CO2-), 1312 (C-O), 1107, 864, 814, 750, 705, 692 and 678 (Ar C-H). 
Analysis calculated for C17HISN04Rul: C, 38.65; H, 3.43; N, 2.65. Found: C, 38.41; 
H, 3.38; N, 2.59 %. 
Acc. Mass for I02RuC17HISN041 528.93135, requires 528.93203. mlz 402 (M'-I), 363 
(M' -2,3-Hpydca), 358 (M'-I-C02). 
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47 Ru(rl-p-cymene)(2,4-Hpydca)CI 
[RU(ll-p-cymene)Chh 38 (500 mg, 0.816 mmol) and 2,4-H2pydca-H20 (302 mg, 
1.63 mmol) were reacted, using the general method, yielding 47 as a yellow solid 
(649 mg, 91 %; mp > 300°C). 
X-ray quality crystals were grown by the vapour diffusion of Et20 into a DMF 
solution of 47. 
IR umax(KBr)/cm·1 3088, 3056 and 3033 (Ar C-H), 2967, 2912 and 2876 (sp3C-H), 
2800-2500 (br, OH), 1720 (C=O, acid), 1628 (Ar C=C), 1604 (asymm. CO2.), 156 I 
(Ar C=N), 1474, 1409 and 1388 (s/C-H), 1349 (symm. C02-), 1261, 1238 and 1186 
(C-O), 878, 867, 806, 768 and 674 (Ar C-H), 289 (Ru-CI). 
Analysis calculated for C17H1sN04RuCI: C, 46.74; H, 4.15; N, 3.21. Found: C, 46.00; 
H, 3.83; N, 3.00 %. 
Acc. Mass for 102RuC17HIsNOl5Cl 436.99704, requires 436.99677. m/z 402 (M+-
35Cl), 358 (~-35Cl-C02)' 271 (~-2,4-Hpydca). 
48 Ru( ,l-p-cymene )(2,4-Hpydca )Br 
[RU(ll-p-cymene)Br2h 39 (125 mg, 0.158 mmol) and 2,4-H2Pydca-H20 (59 mg, 0.32 
mmol) were reacted, using the general method, yielding 48 as an orange solid (130 
mg, 85 %; the sample was observed to decompose at temperatures in excess of 270 
0C). 
X-ray quality crystals were grown by the vapour diffusion of EhO into a 
DMSOlMeOH solution of 48. 
IR U max (KBr)/cm-1 3086 and 3056 (Ar C-H), 2876 and 2966 (s/C-H), 1719 (C=O, 
C02H), 1627 (C=C), 1604 (asymm. CO2.), 1561 (C=N), 1471, 1448 and 1388 (Sp3C_ 
H), 1348 (symm. CO2"), 1260, 1238 and 1186 (C-O), 768, 714 and 675 (Ar C-H). 
Analysis calculated for C17H1sN04RuBr: C, 42.42; H, 3.77; N, 2.91. Found: C, 42.21; 
H, 4.00; N, 3.3 I %. 
Acc. Mass for I02RuCI7HlsN0479Br 480.94710, requires 480.94626. m/z 402 (~-
79Br), 358 ~-79Br-C02). 
215 
Chapter 4 
49 Ru( rl-p-cymene)(2,4-Hpydca)1 
To a stirred solution of Ru(,/-p-cymene)(2,4-H2Pydca)CI 47 (125 mg, 0.286 mmol) 
in MeOH (10 ml) was added Nal (43 mg, 0.29 mmol). An orange solid began to 
precipitate after 10 min and the resulting mixture was stirred at Tt for 18h, after which 
the orange precipitate of 49 (107 mg, 71 %; the sample was observed to decompose at 
temperatures in excess of 230°C) was treated as stated in the general method. 
X-ray quality crystals were grown by the vapour diffusion of Et20 into a 
MeN02/MeCNIDMSO solution of 49. 
IR Umax (KBr)/cm·1 3080 and 3050 (Ar C-H), 2960 and 2875 (s/C-H), 1720 (C=O, 
C02H), 1626 (C=C), 1603 (asymm. CO2"), 1561 (C=N), 1493,1471, 1449 and 1387 
(sp3C-H), 1346 (symm. C02'), 1259, 1235 and 1185 (C-O), 866, 805, 768, 715 and 
676 (Ar C-H). 
Analysis calculated for CI7HISN04Rul: C, 38.65; H, 3.43; N, 2.65. Found: C, 38.96; 
H, 3.48; N, 2.60 %. 
Acc. Mass for I02RuC17HlSN041 528.93312, requires 528.93240. m/z 402 (M+-I), 358 
(~-I-C02). 
50 Ru( rl-p-cymene)(2,5-Hpydca)CI 
[Ru(,/-p-cymene)Chh 38 (500 mg, 0.816 mmol) and 2,5-H2pydca (273 mg, 1.63 
mmol) were reacted, using the general method, yielding 50 as a yellow solid (640 mg, 
90 %; the sample was observed to decompose at 264°C). 
X-ray quality crystals were grown by the vapour diffusion of Et20 into a DMF 
solution of 50. 
IR umax(KBr)/cm·1 3450 (br, OH), 3065 (Ar C-H), 2972, 2957, 2923 and 2867 (s/C-
H), 1711 (C=O, acid), 1601 (asymm. CO2"), 1571 (Ar C=N), 1456, 1434, 1404 and 
1360 (s/C-H), 1278 (symm. CO2"), 1137, 1114, 1090, 1056, 1046 and 1022 (C-O), 
869, 798 and 753 (Ar C-H), 683, 669, 579, 286 (Ru-CI). 
Analysis calculated for C 17H1sN04RuCI: C, 46.74; H, 4.15; N, 3.21. Found: C, 46.69; 
H, 4.02; N, 3.33 %. 
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Ace. Mass for 102RuC17HtsNOl5CI 436.99704, requires 436.99677. mlz 402 (M"-
35CI), 358 (M+_35CI-C02). 
51 Ru(rl-p-cymene)(2,5-Hpydca)Br 
[RU(7l-p-cymene)Br2h 39 (100 mg, 0.127 mmol) and 2,5-H2pydca (42 mg, 0.25 
mmol) were reacted, using the general method, yielding 51 as a yellow solid (113 mg, 
93 %; the sample was observed to decompose at 230°C). 
X-ray quality crystals were grown by the vapour diffusion of Et20 into a 
MeN02iMeOH solution of 51. 
IR U max (KBr)/cm-t 3056 (Ar C-H), 2955 and 2923 (siC-H), 1712 (C=O, C02H), 
1602 (asymm. C02"), 1572 (C=N), 1438 and 1358 (sp3C-H), 1277 (symm. CO2"), 
1020 (C-O), 798 and 752 (Ar C-H). 
Analysis calculated for C17H1sN04RuBr: C, 42.42; H, 3.77; N, 2.9\. Found: C, 42.16; 
H, 3.77; N, 2.75 %. 
Ace. Mass for 102RuC17HlsNO/9Br 480.94710, requires 480.94626. mlz 402 (M+-
79Br), 358 (M+_79Br-C02). 
52 Ru( ,l-p-cymene)(2,5-Hpydca)I 
To a stirred solution of RU(776-p-cymene)(2,5-Hpydca)CI 50 (55 mg, 0.13 mmol) in 
H20 and acetone (2:1,15 ml) at rt was added Nal (19 mg, 0.13 mmol). The solution 
was observed to darken after 30 min, and the solution was allowed to evaporate 
slowly at rt over a period of a week, producing orange X-ray quality crystals of 52 (53 
mg, 80 %; the sample was observed to decompose at 230°C) which were collected, 
washed with Et20 and air-dried. 
IR U max (KBr)/cm·1 3062 and 3023 (Ar C-H), 2966, 2920 and 2861 (sp3C-H), 1714 
(C=O, C02H), 1601 (asymm. CO2-), 1571 (C=N), 1456, 1434 and 1354 (sp3C-H), 
1274 (symm. CO2"), 796 and 751 (Ar C-H). 
Analysis calculated for C17H1SN04RuI: C, 38.65; H, 3.43; N, 2.65. Found: C, 39.12; 
H, 3.47; N, 2.48 %. 
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Acc. Mass for 102RuC17HISN041 528.93135, requires 528.93240. m/z 402 (M+-I), 358 
(M+-I-C02). 
53 Ru( r/-p-cymene )(2,3-Mepydca )CI 
To a stirred solution of [RU(l/-p-cymene)Chh 38 (100 mg, 0.163 mmol) in MeOH 
(10 ml) was added 2,3-H2pydca (55 mg, 0.33 mmol, 2 eq). After 2 h, a yellow 
precipitate of 44 was observed and the mixture was then refluxed for 30 min, 
producing an intense red solution. The solution was concentrated in vacuo and left to 
evaporate at rt, giving red, X-ray quality crystals of 53 (150 mg, 95 %; desolvated at 
40°C, mp 148-150 0c), which were characterised as the MeOH solvate, 53·MeOH. 
IR umax(KBr)/cm-1 3553 and 3482 (OH), 3063 and 3050 (Ar C-H), 2960 and 2871 
(s/C-H), 1730 (C=O, ester), 1650 (asymm. C02), 1587 (C=N), 1498,1459 and 1437 
(s/C-H), 1352 and 1300 (C-O), 1260, 1224, 1134 and 1100 (C-O), 865, 813, 725, 
694 and 680 (Ar C-H), 285 (Ru-CI). 
Analysis calculated for C1sH2oN04RuCI'MeOH: C, 47.26; H, 5.01; N, 2.90. Found: C, 
46.77; H, 4.81; N, 2.90 %. 
Acc. Mass for 102RuCISH20NOlsCI 451.01187, requires 451.01242. m/z 416 (~-
3sCI), 372 (~-3sCI-C02)' 271 (M+-2,3-Mepydca). 
General Method for the Synthesis of Me Esters 54-56. 
~ ~ ~ I 0.5 Na2C03 I Mel Ru Ru ., Ru 
0""""" I 'Cl .. 0""""" I 'Cl 
-H2O 
- NaCI 0""""" I '-...1 O~J -CO2 oA(~ e @ o~~ ~C02H CO2 Na C02Me 
To a stirred solution of RU(1/-p-cymene)(2,n-Hpydca)CI (44, n = 3; 47, n = 4; 50, n = 
5) in MeCN and H20 (I :1, 10 ml) was added a solution of Na2C03 (0.5 eq) in H20 (1 
ml). After 30 min at rt, the solution was evaporated to dryness, yielding a red solid. 
The resulting sodium salt was then dissolved in DMF (10 ml) and excess MeI (0.05 
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ml) was added. The solution was stirred at room temperature overnight and then 
evaporated to dryness. CH2Clz (IQ ml) was added to the residue, and the by-product 
(NaCI) removed by filtration. The intense red solution was dried (Na2S04), filtered 
and evaporated to dryness. 
54 Ru(r/-p-cymene)(2,3-Mepydca)I 
RU(7/-p-cymene)(2,3-Hpydca)CI 44 (200 mg, 0.458 mmol), Na2C03 (24 mg, 0.23 
mmol, 0.5 eq) and excess MeI were reacted using the general method, producing 54 
as a red solid (250 mg, 100 %; mp 194-196 0c). 
X-ray quality crystals were grown by the vapour diffusion of Et20 into an MeCN 
solution of 54. 
IR umax(KBr)/cm" 3043 (Ar C-H), 2959 and 2868 (siC-H), 1731 (C=O, ester), 1666 
(C=O, CO2), 1588 (C=N), 1434 and 1383 (siC-H), 1324 and 1298 (C-O), 1257, 
1221,1134 and 1100,810,726 and 690 (Ar C-H). 
Analysis calculated for C'8H20N04RuI: C, 39.86; H, 3.72; N, 2.58. Found: C, 39.65; 
H, 3.73; N, 2.96 %. 
Acc. Mass for 102RuC'8H20NOJ 542.94845, requires 542.94804. mlz 544 [MHt, 416 
(M+-I), 372 (~-I-C02). 
55 Ru( ,/-p-cymene)(2,4-Mepydca)I 
RU(7/-p-cymene)(2,4-Hpydca)CI 47 (150 mg, 0.343 mmol), Na2C03 (18 mg, O. I 7 
mmol, 0.5 eq) and excess MeI were reacted using the general method, producing 55 
as a red solid (130 mg, 70 %; mp 203-205 0c). 
X-ray quality crystals were grown by the vapour diffusion of EhO into an MeCN 
solution of 55. 
IR umax(KBr)/cm" 3067 (Ar C-H), 2955, 2924 and 2853 (sp3C-H), 173 I (C=O, ester), 
1656 (C=O, CO2'), 1614 (C=N), 1470, 1440, 1422 and 1377 (sp3C-H), 1288, 1264 
and 1246 (C-O), 1163,882,823,768,730 and 686 (Ar C-H). 
Analysis calculated for C'8H20N04RuI: C, 39.86; H, 3.72; N, 2.58. Found: C, 40.16; 
H, 3.65; N, 2.32 %. 
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Acc. Mass for 102RuCIsH20N041 542.94845, requires 542.94804. mlz 544 [MHf, 416 
(M'-I), 372 (M'-I-C02). 
56 Ru( rl-p-cymene )(2,5-Mepydca)1 
RU(ll-p-cymene)(2,5-Hpydca)CI 50 (100 mg, 0.229 mmol), Na2C03 (12 mg, 0.11 
mmol, 0.5 eq) and excess MeI were reacted using the general method, producing 56 
as a red solid (111 mg, 89 %; mp 217-220 0c). 
X-ray quality crystals were grown by the vapour diffusion of Et20 into a CH2CIz 
solution of 56. 
IR umax(KBr)/cm·1 3057 (Ar C-H), 2961 (siC-H), 1734 (C=O, ester), 1654 (C=O, 
C02"), 1390 and 1340 (siC-H), 1299 (symm. CO2-), 1163, 1125, 956, 830 and 750 
(ArC-H). 
Analysis calculated for ClsH2oN04Ru1: C, 39.86; H, 3.72; N, 2.58. Found: C, 39.72; 
H, 3.61; N, 2.62 %. 
Acc. Mass for 102RuCIsH20N041 542.94719, requires 542.94804. mlz 544 [MH]+, 416 
(M+-I), 372 (M+-I-C02), 312 (M+-I-C02-C02Me). 
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4.5.2. Crystallographic Experimental 
Data for all compounds were collected using a Bruker AXS SMART 1000 CCD 
diffractometer using graphite-monochromated Mo-Ko. (A. = 0.71073 A) radiation. All 
structures were solved by Patterson synthesis, except for compounds 50 and 
53'MeOH which were solved by direct methods. All structures were refined by full-
matrix least-squares methods on F-, producing CIF files which have been checked 
using the IUCr CheckCif routines. All H atoms, except water H atoms, were placed in 
geometrically calculated positions and were refined using a riding model (O-H 0.84 
A, aryl C-H 0.95 A, methyl C-H 0.98 A, methine C-H 1.00 A, aldehyde C-H 0.95 A). 
Water H atoms in 41·H20 were located in the difference Fourier map and have been 
refined with restraints on the O-H bond length (target value 0.84 A) and the H-O-H 
bond angle (target value 107j. Uiso(H) values were set to be 1.2 times Ueq of the 
carrier atom for aryl CH and methine CH, and 1.5 times Ueq of the carrier atom for 
OH and CH3. H atoms were not found on the disordered MeOH molecule in 
53·MeOH, which was modelled over two sets of positions, each at half-weight. All 
structural determinations proceeded without the need for further restraints or disorder 
modelling, except for compounds 45 and 46·0MSO, which both required restraints on 
the anisotropic displacement parameters of the ring atoms in the p-cymene and 
pyridine rings, and compound 56, which showed disorder in the Pri group. This Pri 
group was subsequently modelled over two sets of positions [55.0(9) %:45.0(9) %] 
with the branched C atom coincident and restraints were placed on the anisotropic 
displacement parameters of the atoms involved. Compound 45 was shown to be 
twinned by inversion (the batch scale factor refined to 0.501 (3)).273 
Programs used during data collection, refinement and production of graphics were 
Bruker SMART,44 SAINT,46 SHELXTL 48 and local programs. 
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The Organometallic Supramolecular Chemistry of 
Pyridinepolycarboxylic Acids: 
Chapter 5 
The Introduction of Ligands Bearing Further Hydrogen Bonding 
Functionality to the Ru( Tl-p-cymene )(pyridinecarboxylic acid)CI 
series 
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5. The Organometallic Supramolecular Chemistry of Pyridinepolycarboxylic 
Acids: The Introduction of Ligands Bearing Further Hydrogen Bonding 
Functionality to the Ru( ,l-p-cymene)(pyridinecarboxylic acid)CI series 
5.1. Introduction 
The presence of halides coordinated to the Ru( r/-p-cymene )(pyridinecarboxylate)X 
complexes provides scope for the removal of the halide and replacement with other 
suitable ligands, particularly those bearing functional groups capable of assisting in 
the formation of hydrogen bonding arrays (Figure 5.1). 
~ ~ I. AgBF4 I [ BF4] Ru 
0"""'" I "Cl .. Ru 
-AgCI 0"""'" I "L o~ 2. L o~ 
Figure 5.1. Derivitisation via substitution of the coordinated halide for another 
monodentate ligand, L. 
There are two main methods of replacing a chloride ligand with a preferred ligand. 
The first requires the removal of the chloride ligand, for example by reaction with 
silver salts to produce a silver chloride precipitate, before reaction with the preferred 
ligand (Figure 5.2).274 The second method relies on the displacement of the chloride 
ligand for the preferred ligand in solution, perhaps via a solvated intermediate, and is 
dependent on the dissociation of the chloride from the metal (Figure 5.3). t% The first 
method is the preferred method as the removal of the chloride is usually complete and 
the separation of the silver chloride precipitate from the solution is efficient. 
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~ 
QJo-r ............ c, ~ ~ \ .--. 
.--. 
2. 
• 
Figure 5.2. Removal of the chloride from the RU(7l-p-cymene)(quinolin-8-ate)CI 
complex, prior to reaction with K(hydrotris(pyrazoyl)borate). 274 
N:r;N."".. NH2 ~ I "'I 
N NH 
I 
Et 0 
[ PF6] 
• 
Figure 5.3. The direct reaction of [Ru(7l-biphenyl)(ethylenediamine)CIIIPF61 
with 9-ethylguanine in water. l96 
5.2. Results and Discussion 
5.2.1. Derivatives of Ru( r/-p-cymene)(2-pyca)CI 
The reaction of Ru( Il-p-cymene )(2-pyca)Cl 41 with AgBF 4 precipitated AgC!. The 
subsequent reaction with one equivalent of PPh3, a common ligand for [Ru( 1]6_ 
arene)]2+ fragments275,276 and of Ru(II)-pyridinecarboxylate complexes,277-279 readily 
produced [Ru(1]6-p-cymene)(2-pyca)(PPh3)][BF4] 57 (Figure 5.4). 
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Figure 5.4. [RU{ll-p-cymene)(2-pyca)(PPhJ)J[BF4157. 
Hydrogen atoms have been removed for clarity. 
The reaction with PPh3 highlighted the potential for the coordination of ligands, 
bearing hydrogen bonding donor and/or acceptor groups, at the monodentate site. The 
pyridinepolycarboxylic acid family were again considered, this time for monodentate 
coordination. An initial test reaction with pyridine formed the expected salt [Ru( 1]6 -p-
cymene)(2-pyca)(py))[BF41 58 (Figure 5.5), and suggested that the pyridinecarboxylic 
acids would coordinate to the ruthenium centre at the site vacated by Cr. 
Figure 5.5. [Ru{1]6-p-cymene){2-pyca){py)J[BF4158. 
Hydrogen atoms have been removed for clarity. 
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The coordination of a second molecule of 2-Hpyca to RU(ll-p-cymene)(2-pyca)CI 
following cr removal did not proceed as intended to give a free carboxylic acid group 
(Figure 5.6). IH NMR evidence and a colour change (yellow to red) suggested that the 
second 2-Hpyca molecule had also assumed bidentate coordination, with modification 
of the binding (or perhaps complete loss) of the r/-p-cymene ligand, as has been 
observed in the structure of Ru(2,5-Hpydcah(MeCN)2·H20.269 
__ 1_. A_g_B_F4 __ \*!._ 1 ~Ju~ CO,H [ BF4] 
• AgCl /\ 0 I 'JI=< 
erN", CO,H o~~"" V 2. I ~ # 
Figure 5.6. The failed synthesis of [Ru(T/-p-cymene)(2-pyca)(2-Hpyca))[BF41. 
The pyridinecarboxylic acids which do not bear a carboxylic acid group at the 2-
position were therefore used in the preparation of [Ru(Tl-p-cymene)(2-pyca)(3-
Hpyca))[BF 41 59, [Ru( Il-p-cymene )(2-pyca)( 4-Hpyca))[BF 4] 60, [Ru( 176 -p-
cymene )(2-pyca)(3,4-H2pydca)] [BF4] 61 and [Ru( 176 -p-cymene)(2-pyca)(3,5-
H2pydca))[BF4] 62. While 60 and 61 have yet to be crystallised successfully, both 59 
and 62 show similarities in their hydrogen bonding motifs. 
CI2"~. 
Cf2"I~ 
"''' 
I F141 F(3)~ 
=--""'&6111 
'''~F(21 ~_-"CC51 Fm@r-.W 
crn'V-_;:r, C1101 
Figure 5.7. [Ru(T/-p-cymene)(2-pyca)(3-Hpyca))[BF41'MeCN 59·MeCN. 
Hydrogen atoms except OH have been removed for clarity. Selected hydrogen 
bonding parameters for 59·MeCN are shown in Table 5.1. 
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Table 5.1. Selected bydrogen bonding parameters for 59·MeCN. 
D-H"'A DA/A D-HI A HA/A D-HAt' 
O(4}-H(4)O(2)i 2.584(3) 0.81(3) 1.78(3) \76(4) 
Symmetry operation: i I-x, I-y, I-z. 
[Ru(7l-p-cymene)(2-pyca)(3-Hpyca)][BF4] 59 crystallises from the vapour diffusion 
of EhO into an MeCN solution (Figure 5.7) with the inclusion of a molecule of 
MeCN per complex. The cations aggregate in the solid state such that O-H""O 
hydrogen bonds form between the carboxylic acid OH group of the 3-Hpyca ligand 
and the carbonyl oxygen atom of the coordinated carboxyl group. This creates dimers 
(Figure 5.8) in which two cations are held in a quadrangular R22(20) motif, with a 
distance of 10.4144(7) A between symmetry-related ruthenium ions. 
OI4A) HI4Al 012) 
Figure 5.S. Dimers of [RU(7l-p-cymene)(2-pyca)(3-Hpyca)t in 59·MeCN. 
BF4' anions and bydrogen atoms except OH have been removed for clarity. 
The addition of an extra carboxylic acid group compared to 59 and the inclusion of a 
molecule of H20 per complex to provide additional hydrogen bonding groups results 
in the participation of the BF4' counterion in the hydrogen bonding array in 62'H20 
(Figure 5.9). 
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Figure 5.9. [Ru(,l-p-cymene)(2-pyca)(3,5-H2Pydca))[BF41'H20 62·H20 .. 
Hydrogen atoms except OH have been removed for clarity. Selected hydrogen 
bonding parameters for 62·H20 are shown in Table 5.2. 
Table 5.2. Selected hydrogen bonding parameters for 62·H20. 
D-HA DA/A D-HI A H'A/A D-HAf 
O(3}-H(3)O(2)i 2.563(3) 0.84 1.74 165.0 
O(5}-H(5)0(7) .. 2.558(4) 0.84 1.73 168.9 
O(7}-H(7D)F(I )" 2.755(5) 0.90(5) 1.87(6) 169(5) 
O(7}-H(7E)F(2) 2.780(5) 0.87(5) 1.92(6) 169(5) 
Symmetry operations: i 2-x, -y, I-z; ii -x, -y-I, -z. 
As seen for 59'MeCN, the cations in 62'H20 dimerise through O-H'O hydrogen 
bonds between the carbonyl oxygen atom ofthe [2-pycar ligand and a carboxylic acid 
OH group of the 3,5-H2pydca ligand, forming a quadrangular R22(20) motif (Figure 
5.1 0). The distance between symmetry-related ruthenium ions is 10.3939(9) A, 
similar to that seen in 59·MeCN. 
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Figure 5.10. Dimers of [RU(ll-p-cymene)(2-pyca)(3,S-H2Pydca)t in 62·H20. 
Hydrogen atoms except OH have been removed for clarity. 
The second carboxylic acid group of the 3,5-H2Pydca ligand interacts with the water 
molecule of crystallisation through an O-R··O hydrogen bond. This combines with an 
R42(12) ring motif formed through O-R·F hydrogen bonds between the water 
molecule of crystallisation and the BF 4· anion, producing chains of rings39 which 
propagate in the [423] direction (Figure 5.11). 
Figure 5.11. Chains of 62'H20 formed by a combination of R22(20) and R42(12) 
ring motifs and a linear O-R··O hydrogen bond. 
Atoms from the 2-pyca pyridyl ring and hydrogen atoms except OH have been 
removed for clarity. 
The successful coordination of the pyridinecarboxylic acids to the [Ru( 1]6 -p-
cymene )(2-pyca)t fragment led to the consideration of aminopyridines and 
aminopyrimidines (Figure 5.12) as potential ligands as these provide the required 
pyridyl N atoms in addition to NH2 groups. In the case of 2-aminopyrimidine (2-
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apym), a second aromatic N atom is also present and may participate in hydrogen 
bonding. 
U NH2 9 CyNH2 ...;:::::N 2·aminopyridine 2-aminopyrimidine NH2 
2-apy 4-aminopyridine 2-apym 
4-apy 
Figure 5.12. Structures of aminopyridines and aminopyrimidines and the 
abbreviations used. 
The 2-apym ligand is of particular interest since the formation of the R22(8) graph set 
dimer motif (Figure 5.13(a)) has a 26 % probability of formation, similar to the 
carboxylic acid-acid motif (33 %).18 The use of the 2-apym ligand would provide 
crystal engineering potential due to the high probability of formation of the R22(8) 
aminopyrimidine-carboxylic acid motif (76 %) (Figure 5.13(b )). 
(b) 
Figure 5.13. R22(8) graph set motifs utilising 2_apym.18 
Unfortunately, mixtures of products (as detected using NMR spectroscopy) were 
formed from the reaction of RU(ll-p-cymene)(2-pyca)CI with 2-apy, 4-apy and 2-
apym following cr removal. This resulted in very low yields « 5 %) of [RU(ll-p-
cymene )(2-pyca)(2-apy)][BF 4] 63, [Ru( Il-p-cymene )(2-pyca)( 4-apy)] [BF 4] 64 and 
[RU(ll-p-cymene)(2-pyca)(2-apym)] [BF4] 65 only after recrystallisation of the 
mixtures and manual separation of the crystals from powdered material. 
Recently, Standfest-Hauser and co-workers have prepared examples of metal 
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complexes with 2-aminopyridine ligands chelated to Ru(II) centres and bridging two 
[Ru(I,s-Cp)t centres.2SO 2-N,N-Dimethylaminopyridine was also shown to coordinate 
to a [Ru("s-Cp)r fragment in an 1]6-manner (Figure 5.14). The variety observed in the 
coordination mode of 2-apy and similar ligands due to the basicity of the amino group 
is a probable explanation for the mixture of products and the subsequent low yield of 
the desired complexes. 
(a) (b) (c) 
+ + PPh3 ~u ~ Ph3P I ~ '\. ",ICI Ru··'\ CI"'-/ "'" Ru = JIIII -./Ru qN ~ ~'··NH' er" cr~o ~ ;. ~ I""" I""" NMe2 
Figure 5.14. Structural variety observed for 2-apy and similar ligands (a) 1]6_ 
coordination; (b) bridging (Ru(III) dimeric complex) and ( c) chelation.28o 
Despite their low yield, crystals of [Ru(1]6_p-cymene)(2-pyca)(2-apy)][BF4J 63, 
[Ru( 1]6 -p-cymene)(2-pyca)( 4-apy)][BF4J 64 and [Ru( 1]6 -p-cymene)(2-pyca)(2-
apym)][BF4J 65 were analysed by single crystal X-ray diffraction, with sufficient 
yield of 63 and 64 allowing additional analysis by IR, mass spectrometry and 
microanalysis methods. 
The crystal structure of [Ru(1]6_p-cymene)(2-pyca)(2-apy)][BF4J 63 shows that an 
intramolecular S(6) N-R··O hydrogen bond exists between the amino group of 2-apy 
and the coordinated oxygen atom of the 2-pyca ligand. The NH2 group also 
participates in hydrogen bonding with the BF4· anion through N-H'F hydrogen 
bonds, creating an R2](6) graph set motif (Figure 5.15). 
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Figure 5.15. [Ru(r/-p-cymene)(2-pyca)(2-apy))[BF4163. 
Hydrogen atoms except NH have been removed for clarity. Selected hydrogen 
bonding parameters for 63 are shown in Table 5.3. 
Table 5.3. Selected hydrogen bonding parameters for 63. 
D-H-A 
N(3}-H(3A)F(l ) 
N(3}-H(3A)F(1 )i 
N(3}-H(3B)O( I) 
N(3}-H(3B)wF(3) 
DA/A 
2.883(3) 
3.249(3) 
2.877(3) 
3.102(4) 
Symmetry operation: i 2-x, 2-y, 2-z. 
D-Hf A 
0.82(3) 
0.82(3) 
0.82(3) 
0.82(3) 
H-A/A 
2.43(4) 
2.48(3) 
2.18(3) 
2.50(3) 
D-HAf 
116(3) 
156(4) 
142(4) 
131(3) 
As observed in previously discussed complexes, 63 dimerises in the solid state. The 
second NH2 H atom, not involved in the intramolecular hydrogen bond, hydrogen 
bonds to a symmetry-generated BF4' anion, creating an R22(4) graph set motif (Figure 
5.16). The distance between symmetry-related ruthenium ions is 11.5570(6) A. 
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Figure 5.16. Hydrogen-bonded dimers of [Ru(r/-p-cymene)(2-pyca)(2-apy)][BF4) 
63. 
Hydrogen atoms except NH have been removed for clarity. 
The coordination of 4-apy in 64 (Figure 5.17) does not introduce N-H"O hydrogen 
bonds to the system as hoped. Instead, the amine group forms hydrogen bonds with 
the BF4- anion (Figure 5.18), limiting the dimensionality of this array_ 
Fl21~ 
F131~tBIlI ~::<lB~FI41 
Fill' Ct61,,"'--.. ctSl ......... , ___ ""'Io 
cnm 
Figure 5.17. [Ru(,l-p-cymene)(2-pyca)(4-apy)][BF4) 64. 
Hydrogen atoms except NH have been removed for clarity. Selected hydrogen 
bonding parameters for 64 are shown in Table 5.4. 
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Figure 5.1S. Hydrogen bonds between [Ru(716-p-cymene)(2-pyca)(4-apy»)+ cations 
and [BF 4r counterions in 64. 
Hydrogen atoms except NH bave been removed for clarity. 
Table 5.4. Selected hydrogen bonding parameters for 64. 
D-H" "A 
N(3)--H(3A)F(2) 
N(3)--H(3B)F(2)i 
DA/A 
2.827(6) 
3.140(7) 
Symmetry operation: i I-x, 2-y, -z. 
D-HI A 
0.80(3) 
0.81(3) 
H""A lA 
2.03(3) 
2.49(4) 
D-A""A f' 
172(5) 
138(5) 
Coordination of the 2-apym ligand results in an intramolecular S(6) N-H""O hydrogen 
bond in 65 (Figure 5.19), similar to that seen in the 2-apy complex 63. N-H""F 
hydrogen bonding also exists in 65, although not to the extent seen in 63 and 64. 
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Figure 5.19. View of [Ru(r/-p-cymene)(2-pyca)(2-apym))[BF4] 65. 
Hydrogen atoms except NB have heen removed for clarity. Selected hydrogen 
bonding parameters for 6S are shown in Table 5.5. 
Table 5.5. Selected hydrogen bonding parameters for 6S. 
D-H'A DAJA D-HJ A HAJA D-HAf 
N( 4}-H( 4A)""N(3)i 2.968(3) 0.83(2) 2.14(2) 177(3) 
N(4}-H(4B)O(J) 2.917(3) 0.83(2) 2.31(3) 131(3) 
N(4}-H(4B)'F(3) 2.918(3) 0.83(2) 2.49(3) 114(3) 
Symmetry operation: i I-x, l-y, -z. 
The second aromatic N atom of the 2-apym ligand, N(3), does indeed participate in 
hydrogen bonding, forming the R22(8) aminopyrimidine-aminopyrimidine graph set 
motif (Figure 5.13 (a» through two N-H"N hydrogen bonds (Figure 5.20). This 
creates dimers of cations with a distance of 10.0675(4) A between symmetry-related 
ruthenium centres. A similar strategy has recently been employed by Lynam and co-
workers, with the coordination of a carbene derivative of the nuc1eobase uracil to the 
[RU(7,s-Cp)t fragment (Figure 5.21).281 Here, the cationic complexes were shown to 
hydrogen bond into dimers through an R22(8) ring motif, producing a RU"'Ru distance 
of 11.232 A, longer than observed in 6S due to the carbene extension to the uracil 
molecule. 
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Figure 5.20. Dimers of [Ru(r/-p-cymene)(2-pyca)(2-apym)t in 65. 
Hydrogen atoms except NH and BF4- anions have been removed for clarity. 
0121 
Figure 5.21. Dimers of [Ru(,f-Cp)(uracil carbene)(PPh3h)[PF6) linked by an 
R22(8) ring motif.28• 
Phenyl groups and hydrogen atoms except NH have been removed for clarity. 
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5.2.2. Discussion of the Structural Features of the [RU(7l-p-cymene)(2-
pyca)(L))[BF4J Complexes 
Selected bond lengths and angles for the structurally determined complexes in the 
series 57-65 and their parent complex RU(ll-p-cymene)(2-pyca)CI·H20 41'H20 are 
presented in Table 5.6. 
As observed for the RU(ll-p-cymene)(2,n-Hpydca)X series of complexes, complexes 
of the form [RU(ll-p-cymene)(2-pyca)Lj[BF4] with similar donor sets have very 
similar geometries. The Ru-X (X = donor atom of monodentate (pyridyl or phosphine) 
ligand) bond lengths and Ru-arene distances show a strong correlation (Figure 5.22), 
with the Ru-arene distance considerably increased upon modification of X from N to P 
in 57 with coordination of PPh3 ligand. The discussion of the structural features of the 
PPh3 complex 57 will be included collectively with the other PPh3 complexes to be 
presented later. 
Table 5.6. Selected bond lengths and angles for complexes 41'H20 and 
structurally determined compounds in the series 57-65. 
Ru-arenea Ru-N Ru-O Ru-X b O-Ru-N 
lA lA lA lA t' 
41·H20 Ru(2-pyca)CI'H20 1.6540(19) 2.086(4) 2.078(3) 2.4120(12) 77.79(14) 
57 [Ru(2-pyca)(PPh3)t 1.7282(9) 2.0842(18) 2.0715(15) 2.36760(6) 78.16(6) 
58 [Ru(2-pyca)(py)t 1.6781(9) 2.0938(18) 2.0832(15) 2.1137(19) 78.08(6) 
59·MeCN 1.6752(11) 2.090(2) 2.0770(18) 2.108(2) 77.76(8) 
[Ru(2-pyca)(3-Hpyca)t 
62·H2O 1.6747(14) 2.078(3) 2.090(2) 2.131(3) 77.81(9) 
[Ru(2-pyca)(3,5-H2pydca)t 
63 [Ru(2-pyca)(2-apy)t 1.6781(12) 2.096(2) 2.0783(19) 2.132(2) 77.76(8) 
64 [Ru(2-pyca)( 4-apy)t 1.6759(19) 2.098(3) 2.084(2) 2.101(3) 77.87(9) 
65 [Ru(2-pyca)(2-apym)r 1.6797(9) 2.0902(18) 2.0788(15) 2.1399(18) 78.00(7) 
N.B. ll-p-Cymene ligands have been omitted from the compound names in this table. 
a Ru-arene distance is measured as the distance between the Ru atom and the least-
squares plane of the aromatic ring of the r/-p-cymene ligand. 
b X= donor atom of mono dentate (pyridyl or phosphine) ligand. 
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Figure 5.22. Graph plotting the Ru-X bond lengths versus Ru-arene distances in 
complexes 41·H20, 57, 58, 59·MeCN, 62'H20, 63, 64 and 65. 
Structural analysis of the complexes shown in Table 5.6 (bearing pyridyl monodentate 
ligands) shows that all complexes, except for complex 65, possess staggered 
conformations of the N,O,N donor atoms with respect to the ring carbon atoms of the 
p-cymene ring. Complex 65 (Figures 5.23) has an almost eclipsed conformation. 
Clear bond length alternation in the p-cymene aromatic ring was observed in 
complexes 58, 59, 62 and 63, but was insignificant in the other complexes. The 
majority of the complexes have Me and Pri groups bent slightly towards the metal 
centre, the exceptions being complexes 63-65 which have the Me group bent slightly 
towards the metal centre and the Pr' group bent slightly away from the metal centre. 
The coordinated carboxylate group of the [2-pycar ligand deviates from co-planarity 
with the pyridyl ring to which it is coordinated by less than 5° in all cases. The 
carboxylic acid groups present on the monodentate pyridyl ligand deviate from co-
planarity with the pyridyl ring by 2.9(5)° in 59'MeCN, and 7.7(5)° and 3.5(6}" in 
62·H20. 
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Figure 5.23. View of the almost eclipsed conformation of the N,O,N donor atoms 
with respect to the carbon atoms of the p-cymene ring in 
[Ru( ,/-p-cymene)(2-pyca)(2-apym)[ [BF4J 65. 
5.2.3. Derivatives of Complexes Containing Pyridinedicarboxylic Acids 
To extend the hydrogen bonding capability of the complexes being synthesised, the 
next step was the derivitisation of the complexes (discussed in Chapter 4) containing 
further substituted 2,n-H2pydca ligands. Two methods have been used in the synthesis 
of compounds further derivitised at the monodentate coordination site. Method A 
(Figure 5.24) involves the reaction of [(Ru( 776 -p-cymene )Chh 38 with four 
equivalents of AgBF4 followed by removal of AgCI, reaction with two equivalents of 
the desired pyridinedicarboxylic acid and further reaction with two equivalents of the 
desired monodentate ligand. Method B (Figure 5.25) involves the reaction of the 
chloride complexes Ru( 776 -p-cymene )(2,n-Hpydca)CI (n = 3, 44; n = 4, 47; n = 5, 50) 
described in Chapter 4 with one equivalent of AgBF 4, followed by removal of AgCI 
and further reaction with one equivalent of the desired monodentate ligand. 
Both reactions have been used interchangeably, in the synthesis of compounds 66-79, 
giving good to high yield (Figure 5.26). In some cases, particularly when n = 3 or 4, 
the reactions were very slow and on some occasions a deep red solution was produced 
that gradually became yellow again on stirring for up to a week in the presence of a 
drying agent (MgS04 or molecular sieves). The possibility of stable intermediates and 
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equilibria between the products and these intennediates will be discussed later. 
Crystallisation was attempted for all compounds synthesised, using a wide range of 
solvent systems and anion metatheses (PF6-, BPI4·, sol·, SiF/), however some 
complexes have not been crystallised, and possible reasons for this will also be 
discussed later. Experimental data (particularly IH, I3C and 3lpeH} NMR spectral 
data and FAB mass spectrometry) clearly show the presence of only one compound in 
all cases, the parent ion peak of the mass spectra indicating the cation in each case. In 
the examples where structural characterisation has been impossible, the experimental 
data is definitive in identifying the compound produced. 
1. 4 AgBF. ~ ~Cl ....... /Cl • I [ BF.] 
Ru ~ 2 Ru c/ "c(" 2. 2 HOzC1) 0/ I """"'L 0A(~ 3. 2 L ~02H 
38 CO,H 
66-79 
Figure 5.24. Method A. The synthesis of complexes 66-79 from the chloro-
bridged ruthenium dimer starting material. 
xr ~ I. AgBF. I [ BF.] Ru 0"""'" 1 ..... ''Ci • Ru 
-AgCI 0"""'" I .......... L o~) 2. L O~) ?<"" HO,C HO,C 
44 (n = 3) 66-69 (n = 3) 
47 (n = 4) 70-74 (n = 4) 
50 (n = 5) 75-79 (n = 5) 
Figure 5.25. Method B. The synthesis of complexes 66-79 from the mononuclear 
complexes RU(,.,6 -p-cymene)(2,n-Hpydca)CI. 
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Figure 5.26. The synthesis of compounds 66-79. 
Yields are shown in parentheses following the compound number and are quoted 
as total percentage yields for the multi-step reaction path from RuCh·xH20. 
Where two methods have been used, the highest percentage yield is quoted. N.B. 
The synthesis of [(Ru(,/-p-cymene)Chh from RuCh'xH20 is quantitative. 
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The compound [Ru(7l-p-cymene)(2,3-Hpydca)(PPh3)][BF4] 66 (Figure 5.27) 
crystallises with two formula units in the asymmetric unit, however it differs from 
methyl ester 55 discussed in section 4.4.3 in that the two cations are not mirror images 
of each other. Instead, the two unique cations in 66 differ only very slightly 
geometrically (see Table 5.16 discussed later), with the main difference between the 
two lying in their hydrogen bonding patterns. Both cations possess the same S(7) 0-
H""O intramolecular hydrogen bond seen in the parent chloride complex 44, however 
only weak C-H""O hydrogen bonding between cations links them into chains. The 
cation containing Ru(l) accepts two C-H""O hydrogen bonds using 0(1) and 0(4), 
while the cation containing Ru(2) donates two C-H groups to the hydrogen bonding 
pattern - the orlho C(50)-H(50) on the pyridyl ring and the para C(62)-H(62) on one 
of the phenyl rings of the PPh3 ligand (Figure 5.28). 
Figure 5.27. View of the two crystallographically independent cations in 
[Ru( 7l-p-cymene )(2,3-Hpydca)(PPh3)IIBF 41 66. 
BF4- anions and hydrogen atoms except OH have been omitted for clarity. 
Selected hydrogen bonding parameters for 66 are shown in Table 5.7. 
Table 5.7. Selected hydrogen bonding parameters for 66. 
D-H""A D'A/A D-HI A H'A/A D-A'A f' 
0(3}-H(3) 0(2) 2.456(3) 0.94(4) 1.53(4) 167(4) 
0(7}-H(7)0( 6) 2.433(4) 0.97(5) 1.47(5) 172(5) 
C(50)-H(50) 0(4) 3.321(4) 0.95 2.37 176 
C(62)-H(62) 0(1)' 3.403(4) 0.95 2.46 176 
Symmetry operation: iX, y+-I, z. 
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Figure 5.28. View of the chains of cations in 66, 
linked by weak C-H"··O hydrogen bonds. 
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BF4- anions and hydrogen atoms except OH and hydrogen bonded CH have been 
omitted for clarity. 
The reaction of [Ru(ll-p-cymene)Clzh with four equivalents of AgBF4 in acetone, 
followed by removal of AgCI and further reaction with two equivalents of 2,4-
H2Pydca·H20, led to the unexpected crystallisation of [{Ru(ll-p-cymene)(2,4-
Hpydca)}J][BF4h·HBF4 70·HBF4 (Figure 5.29) upon standing at rt overnight. HBF4 is 
present in solution as a by-product from the deprotonation of the acid upon 
coordination. 70·HBF4 crystallises in the cubic space group P2J3, with a refined Flack 
parameter of _0.02(5).263 The asymmetric unit contains a third of a formula unit and 
the ruthenium centres all have the stereochemistry RRu, determined using the priority 
sequence 176-p-cymene>O(bidentate ligand»O(bridging»N.266-268 Compound 70 is a 
pseudo-calixarene with a bowl-shaped cavity in which a BF 4 - anion is encapsulated 
(Figure 5.30). The hydrogen atom associated with the fourth BF4- anion could not be 
located in the difference F ourier map due to anion disorder and positioning on 
symmetry elements_ 
The trimeric cation 70 is very similar in structure to a series of trimeric cations 
synthesised by Carmona and co-workers in which the chiral amino acid compounds L-
proline, L-2-piperidinecarboxylic acid and L-2-azetidinecarboxylic acid (Figures 5.31 
and 5.32) are coordinated to the ruthenium(176-p-cymene) centre in place of the [2,4-
Hpydcar ligand.214,282 These complexes have been found to be highly active in the 
enantioselective hydrogen transfer reduction of prochiral ketones. The complex 
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containing L-proline has been structurally characterised282 and shows good correlation 
with the geometry of compound 70·HBF4. The Ru-arene distances in this literature 
complex are in the range 1.650-1.669 A,282 comparable to the unique 1.652(2) A 
distance in 70·HBF4. 
012A) 
U(lA) 011 A) RU(lB) 
F(5) ~FI5A) 
~/ B(3) ,.." FIS) 
\ 011 B) 
0111 ~FI5B) ........ ~ 
0(4) 
elg) 
Figure 5.29. View of [{RU(ll-p-cymene)(2,4-Hpydca)hHBF4!J'HBF4 70·HBF4• 
Hydrogen atoms except OH have been omitted for clarity. Selected hydrogen 
bonding parameters for 70·HBF4 are shown in Table 5.S. 
Table 5.S. Selected hydrogen bonding parameters for 70·HBF4• 
D-HA DA/A D-HI A HA/A D-HAf 
O(3)-H(3)F(2) 0.S4 1.82 2.653(6) 172.6 
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Figure 5.30. View of 70·HBF4, showing the encapsulated BF4• anion in the bowl-
sbaped cavity. 
Bonds on the cationic trimer are shown as open bonds for clarity. 
<a) (b) (c) 
Figure 5.31. The structures of the chiral amino acid compounds (a) L-2-
azetidinecarboxylic acid; (b) L-proline; (c) L-2-piperidine carboxylic acid.2i4 
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Figure 5.32. View of [(Ru(7l-p-cymene)(,uz-L-prolinato)hIlBF4h·3MeOH.282 
Anions, solvent molecules and hydrogen atoms except NH have been removed for 
clarity. Bonds on the p-cymene Iigands are shown as open for clarity. 
The BF4- anion containing H(\) in 70·HBF4 lies on a 3-fold axis and hydrogen bonds 
to three symmetry related trimeric cations through O-R 'F hydrogen bonds (Figure 
533). 
Figure 5.33. The hydrogen honding pattern in 70·HBF4• 
p-Cymene ligands and hydrogen atoms except OH have been omitted for clarity. 
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Returning to the discussion of the crystal structures of the intended complexes, the 
compound [Ru(,l-p-cymene)(2,4-Hpydca)(PPh3)][BF4] 71 crystallises with a 
molecule of water also included in the asymmetric unit (Figure 5.34). 
Ftll'~Ft3! 
Ft2!r,Bt1I 
'F(4) 
Ct33! 
HtSAI 
--~~, 
HI5BI 
Figure 5.34. View of [Ru( 7l-p-cymene )(2,4-Hpydca)(PPhJ))[BF 4]' H20 7I·H20. 
Hydrogen atoms except OH have been removed for clarity. Selected hydrogen 
bonding parameters for 7l'H20 are shown in Table 5.9. 
Table 5.9. Selected hydrogen bonding parameters for 7l·H20. 
0(4)-H(4) 0(5/ 
O(S)-H(SA)"O(2)ii 
O(S)-H(SB)O(3)iii 
DA/A 
2.491(11) 
2.700(10) 
2.704(11) 
D-HI A 
0.84 
0.83(9) 
0.84(6) 
R'A/A 
1.69 
1.88(4) 
1.89(4) 
157.7 
167(11) 
164(12) 
Symmetry operations: i I.S-x, y-O.5, z; ii O.S-x, y+O.S, z; iii x-O.S, I.S-y, I-z. 
The included water molecules in 7I'H20 provide additional hydrogen bond donor and 
acceptor groups, allowing the fonnation of O-R"O hydrogen bonded R44(12) and 
R44(20) ring motifs which combine to fonn one-dimensional ladders (Figure 5.35). 
The bulky PPh3 groups are positioned far apart on opposite faces of the ladder. The 
ladders pack in a herringbone array, with bands of cationic ladders separated by bands 
of BF4- anions (Figure 5.36). 
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Figure 5.35. View of the hydrogen bonded ladders in 71·H20. 
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Phenyl groups ofthe PPhJligands, BF4' anions and hydrogen atoms except OH 
have been removed for clarity. 
Figure 5.36. Packing plot of 71'H20, viewed down the crystalJographic a axis. 
Phenyl groups of the PPhJligands have been omitted for clarity. 
The compound [Ru(7l-p-cymene)(2,4-Hpydca)(3-Hpyca)][BF4] 72 was crystallised 
from a methanolic solution after drying with MgS04, resulting in anion metathesis 
and the crystallisation of the HS04' salt [RU(ll-p-cymene)(2,4-Hpydca)(3-
Hpyca)][HS04] 72'HS04 (Figure 5.37). Compound 72'HS04 shows strong 
similarities with compound [Ru( Il-p-cymene)(2-pyca)(3,5-H2Pydca)][BF 4]-H20 
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62'H20 in that the cationic complex dimerises into an R22(20) hydrogen bonded 
quadrangle with a distance of 10.5393(7) A between symmetry-related ruthenium ions 
(Figure 5.38). 
CUOl 
, 1131 
0(101 ,,'-
f'li' 
0171 ®--.J:~0<91 
T5111 
0181 ®--oHI81 
Figure 5.37. View of [Ru(r/-p-cymene)(2,4-Hpydca)(3-Hpyca))[HS04172·HS04• 
Hydrogen atoms except OH have been removed for clarity. Selected hydrogen 
bonding parameters for 72·HS04 are shown in Table 5.10. 
Table 5.10. Selected hydrogen bonding parameters for 72·HS04. 
D-HA 
O(3)-H(3)0(1 0) 
O( 6)-H( 6}'O(2)i 
O(8)-H(8)'O(9)ii 
DA!A 
2.617(4) 
2.598(3) 
2.650(4) 
D-H! A 
0.84 
0.84 
0.87(2) 
HA!A 
1.80 
1.78 
1.80(2) 
Symmetry operations: i_x, -y, 1-z; ii 0.5-x, -y-0.5, 2-z. 
D-H'Af 
165.7 
164.8 
164(5) 
The quadrangles hydrogen bond to the HS04' anions via a (cation)O-R"O(anion) 
interaction. HS04' anions also dimerise forming R22(8) motifs, with the combination 
of all the motifs producing a chain of rings (Figure 5.39), as seen in 62·H20 (Figure 
5.11). 
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Figure 538. View of dimers of n·HS04. 
Hydrogen atoms except OH have been removed for clarity. 
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7 
.... 
Figure 5.39. View of the hydrogen bonded chains of rings of n·HS04. 
The compound [Ru(7l-p-cymene)(2,5-Hpydca)(pPh3)][BF4] 75 (Figure 5.40) 
crystallises such that O-H""O hydrogen bonds maintain a chain of cations (Figure 
5.41) with only weak C-H"F interactions between cations and anions. The hydrogen 
bonding pattern of 75 shows similarities with that of the parent chloride 50 (Figure 
4.46), except that the cations in 75 alternate in an up-down fashion, presumably due to 
the steric demands of the PPh3 ligand. 
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CI271 
Figure 5.40. View of [Ru(7l-p-cymene)(2,5-Hpydca)(PPh3))(BFd 75. 
Hydrogen atoms except OH have been removed for clarity. Selected bydrogen 
bonding parameters for 75 are shown in Table 5.11. 
Table 5.11. Selected bydrogen bonding parameters for 75. 
D-H-A D-A/A D-HI A HA/A D-HA f' 
O(3)-H(3)O(2)i 2.676(5) 0.84 1.90 153.4 
Symmetry operation: i x-O.5, 1.5-y, z. 
Figure 5.41. View of the hydrogen bonded chains of 75. 
Phenyl rings of PPh3 Jigands and hydrogen atoms except OH have been removed 
for clarity. 
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The compound [RU(ll-p-cymene)(2,5-Hpydca)(3-Hpyca)][BF4] 76 has been 
crystallised from both DMF and acetone solutions, producing two pseudopolymorphs 
- the DMF solvate 76·2.25DMF and hydrate 76'H20 respectively. 
There are two unique cation/anion pairs in the asymmetric unit of the triclinic cell 
(P 1) of 76·2.25DMF, with two DMF molecules associated with each cation. 
PLA TON SQUEEZE84 was used to determine that there were 45 electrons in the unit 
cell unaccounted for in the point atom model. This approximated well to one DMF 
molecule (40 electrons) per unit cell (disordered across an inversion centre), giving a 
total of nine DMF molecules per unit cell. Careful inspection of the two unique 
cations shows that the two enantiomers of complex 76 have crystallised in the 
asymmetric unit. Using the priority sequence rule 176 -p-cymene>O>N(bidentate 
ligand»N(monodentate ligand) (N.B. the oxygen atoms of the carboxyl groups are 
closer to the nitrogen atom in the bidentate ligand than in the monodentate ligand, 
hence the higher priority of the former), the cation containing Ru(J) (Figure 5.42) has 
stereochemistry SRu, while the cation containing Ru(2) (Figure 5.43) has 
stereochemistry RRu. 
Crystallisation from DMF results in a very limited supramolecular array due to the 
hydrogen bonding of the DMF molecules to the carboxylic acid groups (Figures 5.42 
and 5.43). Interestingly, the two DMF molecules hydrogen bonded to each cation do 
so in different ways, just as observed in the DMF solvate of pyromellitic acid62 -
while one forms an R22(7) DMF-carboxylic acid synthon, the other interacts with the 
carboxylic acid group through a linear O-H""O interaction, leaving the aldehyde C-H 
available for weak C-H"'F hydrogen bonding to the BF4' anions. 
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CI10l 
Figure 5.42. [Ru(776-p-cymene)(2,5-Hpydca)(3-Hpyca)t containing Ru(l) and its 
associated DMF molecules. The stereochemistry is SR •• 
Hydrogen atoms on the ruthenium complex, except OH, have been removed for 
clarity. Selected hydrogen bonding parameters for 76·2.25DMF are sbown in 
Table 5.12. 
0112} " 
, 
, "Ct"" ........... ~""""' 
C154} 
Figure 5.43. [Ru( 776 -p-cymene)(2,5-Hpydca)(3-Hpyca»)+ containing Ru(2) and its 
associated DMF molecules. The stereocbemistry is RR •• 
Hydrogen atoms on the ruthenium complex, except OH, have been removed for 
clarity. 
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Table 5.12. Selected hydrogen bonding parameters for 76·2.25DMF. 
D-H·A 
0(3)-H(3) 0(16) 
0(6)-H(6) 0(14) 
O(IO)-H(IO) 0(13) 
0(ll)-H(11)0(15) 
C(53)-H(53)·0(12) 
C( 56)-H( 56)0( 4) 
D··A/A 
2.501(6) 
2.472(10) 
2.527(6) 
2.621(9) 
3.235(11 ) 
3.300(9) 
D-HI A 
0.84 
0.84 
0.84 
0.84 
0.95 
0.95 
HA/A 
1.67 
1.66 
1.70 
1.78 
2.67 
2.62 
D-fI·A f' 
169.2 
161.4 
166.0 
174.4 
119 
129 
The crystallisation of 76 from (wet) acetone introduced a molecule of H20 into the 
crystal structure, giving 76·H20 (Figure 5.44). The hydrogen atoms on the water 
molecule could not be located in the difference Fourier map. The water molecule 
hydrogen bonds to the free carboxylic acid group of the [2,5-Hpydcar ligand and 
close contacts have been found between the water molecule and the BF4• anion. Both 
the water molecule (major occupancy 53.7(13) %) and BF4• anion (major occupancy 
58.1(11) %) are disordered and have been modelled over two sets of positions, with 
complementary disorder in the carboxylic acid group of the [2,5-Hpydcar ligand, 
which was modelled in conjunction with the water molecule disorder. 
cnm 
CIS) CIS) C(4) 
cm ()o-~:::~;::rf-;:::"---<:i 
CI1l C(2). C(3) 
• 
FI1l 
H(3) ~ 
',_ F(3) 
-."" < 
C(2) C(3) 0(3) '<F" - - - _ ~'" 
0171 F(2) Bn)\ 
Figure 5.44. View of [Ru(7l-p-cymene)(2,5-Hpydca)(3-Hpyca)J[BF4)'H20 
76·H20. 
F(4) 
Hydrogen atoms except OH have been removed for clarity. Selected hydrogen 
bonding parameters and close contact distances for 76'H20 are shown in Table 
5.13. 
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Table 5.13. Selected hydrogen bonding parameters and close contact distances 
for 76·H20. 
D-H··A 
0(3)-H(3) 0(7) 
O( 6)-H( 6)0(2)i 
Om·F(2) 
D·· AlA 
2.63(2) 
2.589(7) 
2.491(16) 
Symmetry operation: i 2-x, I-y, I-z. 
D-HI A 
0.84 
0.84 
H·A/A 
1.82 
1.76 
D-HAt' 
160.4 
170.4 
As could be predicted from the related structures of [RU(ll-p-cymene)(2-pyca)(3-
Hpyca)][BF4]·MeCN 59·MeCN, RU(1J6-p-cymene)(2-pyca)(3,5-H2Pydca)][BF4]·H20 
62'H20 and RU(1J6-p-cymene)(2,4-Hpydca)(3-Hpyca)][HS04] 72·HS04, 76'H20 
crystallises with the cations dimerised using (carboxylic acid)O-H··O(coordinated 
carboxylate) hydrogen bonds, forming the same quadrangular R22(20) motif (Figure 
5.45). The distance between symmetry related ruthenium ions is 10.6188(13) A in 
76'H20, a greater distance than observed in 59'MeCN, 62'H20 and 72·H804. 
Hl31 
RJ" 0131 
" 0171 ~/FI21 
1 
Figure 5.45. Dimer of [Ru( T/-p-cymene)(2,5-Hpydca)(3-Hpyca») [BF4)'H20 
76·H20. 
Hydrogen atoms except OH have been removed for clarity. 
The neutral compound [Ru(1J6-p-cymene)(2,5-Hpydca)(3,4-Hpydca)] 78 was 
crystallised from a methanolic solution and was observed to include half a molecule 
of water per molecule of the complex (Figure 5.46). The monodentate [3,4-Hpydcar 
ligand was found to be disordered and was modelled as two half-weight ligands 
sharing a coincident nitrogen atom. The water molecule was also found to be 
disordered across an inversion centre and was modelled as half-weight, positioned 
away from the inversion centre. 
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Figure 5.46. View of [Ru(r/-p-cymene)(2,5-Hpydca)(3,4-Hpydca)]·0.5H20 
78·0.5H20. 
Hydrogen atoms except OH have been removed for clarity. Selected hydrogen 
bonding parameters and close contact distances for 78·0.5H20 are shown in 
Table 5.14. 
Table 5.14. Selected hydrogen bonding parameters and close contact distances 
for 78·0.5H20. 
D-R'A a 
0(4)-H(4)0(5)i 
0(4)-H(4)0(5X)i 
O( 6)-H( 6}0(7) 
O( 6X)-H( 6X}uO(7X) 
0(8)0(9)ii 
0(8X} 0(9) 
DA/A 
2.804(8) 
2.528(7) 
2.397(9) 
2.398(8) 
2.774(7) 
2.732(8) 
D-HI A 
0.84 
0.84 
0.84 
0.84 
Symmetry operations: ix, y, z-l; ii -x, 2-y, 1-z. 
a X denotes disorder components. 
H'A/A 
1.97 
1.71 
1.56 
1.57 
D-HAf 
175.1 
163.5 
172.0 
165.9 
The [3,4-Hpydcar ligand contains an S(7) intramolecular O-R'O hydrogen bond 
between the adjacent carboxyl groups, resulting in only one available OH donor group 
on each complex for hydrogen bonding. The inclusion of water molecules into the 
structure provides suitable OH donors to the system and, although the water hydrogen 
atoms could not be located in the difference F ourier map, the water molecule is 
perfectly placed to donate each of its OH groups to an O-RuO hydrogen bond with a 
different complex (Table 5.14). These hydrogen bonds aid the creation of hydrogen 
bonded ladders similar to those observed in compound 71'H20 (Figure 5.47), with the 
formation of R88(46) ring motifs within the ladder (the two unlocated water H atoms 
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have been included in the ring size). 
Figure 5.47. View ofthe hydrogen bonded ladders of 78·0.5H20. 
Hydrogen atoms except OH have been removed for clarity. 
The synthesis of complexes containing pyridine and aminopyridines in addition to the 
bidentate [2,n-Hpydca r ligand proved troublesome, presumably due to the 
deprotonation of the carboxylic acid group by the monodentate ligand or the 
competition of the extra coordinating groups on the aminopyridines. In the presence 
of an excess of AgBF4 (1.5 equivalents), however, the compound Ag[Ru(7l-p-
cymene)(2,5-pydca)(py)][BF41 80 (Figure 5.48) was crystallised in low yield and has 
been structurally characterised. 
Figure 5.48. Ag[Ru( ,l-p-cymene )(2,5-pydca)(py))[BF 41 80. 
Hydrogen atoms have been removed for clarity. Selected bond lengths for 80 are 
shown in Table 5.15. 
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Table 5.15. Selected bond lengths for 80. 
Ru(l)-O(I) 
Ru(l)-N(2) 
Ag(I)-O(3)i 
Ag(l )-Ag(l )iii 
2.079(9) A 
2.099(11) A 
2.181(9) A 
2.873(2) A 
Ru(l)-N(I) 
Ag(l)-O(2) 
Ag(l)-O(4)ii 
Symmetry operations: i -x,y-0.5, 1.5-z; ii x, O.5-y, z+O.5; iii -x ,-y, 2-z. 
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2.084(11) A 
2.477(9) A 
2.197(9) A 
The deprotonation and coordination of the carboxylic acid group at the 5.position of 
the [2,5-Hpydcar ligand resulted in the formation of a metal-organic-organometallic 
hybrid square grid coordination network, a common topography/2,35 and in this case 
[Ag2]2+ units reside at the corner of each square (Figure 5.49). Each [Agzf+ unit links 
four [Ru(1l6-p-cymene)(2,5-pydca)(py)] building blocks - the carbonyl oxygen atoms 
of two Ru-coordinated carboxylate groups form monodentate bonds while two 
carboxylate groups at the 5-position bridge the [Agz]2+ unit (Figure 5.50). The 
remaining coordination site on the pseudo-tetrahedral Ag + cations is filled by a Ag-Ag 
bond (2.873(2) A). 
Figure 5.49. Two-dimensional square grid network of 80. 
Hydrogen atoms,p-cymene ligands and BF4' anions have been removed for 
clarity. 
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Figure 5.50. Coordination of Ag + in 80. 
Hydrogen atoms, alkyl groups of the p-cymene ligands and BF4• anions have 
been removed for clarity. 
5.2.4. Discussion of the Structural Features of the Complexes [Ru( rl-p-
cymene)(2,n-Hpydca)(L»)IBF4) 
Selected bond lengths and angles for the structurally characterised complexes in the 
series 66-80 are shown in Table 5.16. There is little difference between the bidentate 
ligand Ru-N and Ru-O bonds lengths in this series of complexes, and these bond 
lengths also compare well to the [RU(1/-p-cymene)(2-pyca)(L)][BF4] series of 
complexes (Table 5.6) and the halide parent complexes (Table 4.14). Generally the 
bidentate ligand Ru-N bond length is longer than the Ru-O bond length, although 
there are exceptions, e.g. 71·H20. The shallowest O-Ru-N angle was observed in 66, 
consistent with the other intramolecularly hydrogen bonded complex 44 (Table 4.14). 
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Table 5.16. Selected bond lengths and angles for structurally characterised 
complexes in the series 66-80. 
Ru-arenea Ru-N Ru-O Ru_X b O-Ru-N 
lA lA lA lA r 
66 [Ru(2,3-Hpydca)(PPh3)t 1.7307(12) 2.090(3) 2.059(2) 2.3708(9) 76.22(9) 
1.7373(13) 2.062(2) 2.077(3) 2.3812(9) 76.82(9) 
70·HBF4 1.652(2) 2.120(4) 2.090(4) 2.091(4) 77.62(16) 
[{Ru(2,4-Hpydca) h]3+ 
71·H2O 1.733(4) 2.057(8) 2.086(7) 2.373(3) 78.0(3) 
[Ru(2,4-Hpydca)(PPh3)t 
72·HS04 1.6806(14) 2.095(3) 2.083(2) 2.\09(3) 78.08(9) 
[Ru(2,4-Hpydca)(3-Hpyca)t 
75 [Ru(2,5-Hpydca)(pPh3)t 1.708(3) 2.094(4) 2.062(4) 2.3826(19) 77.64(15) 
76·2.25DMF 1.672(3) 2.092(5) 2.069(4) 2.068(6) 77.29(18) 
[Ru(2,5-Hpydca)(3-Hpyca)t 1.688(3) 2.099(5) 2.071(4) 2.\02(5) 77.42(18) 
76·H20 1.677(3) 2.088(6) 2.089(5) 2.115(6) 78.2(2) 
[Ru(2,5-Hpydca)(3-Hpyca)t 
78·0.5H2O 1.6781(12) 2.122(2) 2.072(2) 2.103(2) 78.15(8) 
[Ru(2,5-Hpydca)(3,4-
Hpydca)] 
80 1.667(6) 2.084(11) 2.079(9) 2.099(11) 77.5(4) 
[Ag~Ru~2,5-H~~dca)~~~)lr 
N.B. r/-p-Cymene ligands have been omitted from the compound names in this table. 
a Ru-arene distance is measured as the distance between the Ru atom and the least-
squares plane of the aromatic ring of the r/-p-cymene ligand. 
b X = donor atom of mono dentate (pyridyl or phosphine) ligand. 
The graph of Ru-X bond lengths (where X = donor atom of the monodentate ligand) 
versus Ru-arene distances (Figure 5.51) shows the consistency within the series of 
structurally characterised complexes [Ru(1/-p-cymene)(2,n-Hpydca)(L)][BF4] (L = 
pyridyl ligands, PPh3 or Cl), with the Ru-P bond lengths clustered close to 2.4 A and 
the Ru-N (monodentate ligands) bond lengths clustered around 2.1 A. Similar Ru-
arene distances are observed when L = pyridyl ligands compared to when L = Cl, 
however when L = PPh3, there is a considerable increase in the Ru-arene distance. Ru-
N bond lengths are shorter than Ru-CI bond lengths due to the smaller ionic radius of 
nitrogen compared to chloride. 
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[Ru( 116-P -cymene)(2,n -Hpydca)L][BF4] 
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Figure 5.51. Graph of Ru-X bond lengths versus Ru-arene distances in the series 
of structurally characterised complexes [Ru( r/ -p-cymene)(2,n-Hpydca)(L») [BF4) 
(L = pyridylligands, PPbJ or Cl). 
The coordinated carboxylate group only deviates slightly from co-planarity with the 
pyridine ring of the bidentate ligand in the complexes bearing [2,3-Hpydcar and [2,4-
Hpydcar bidentate ligands (the maximum twist angle is 5.5(3t, observed in 66). 
However, when the bidentate ligand is [2,5-HpydcaL this deviation is slightly greater, 
with the greatest twist angle being 8.27(18)", observed in 78,0.5020. With the 
exception of complex 66, where the carboxylic acid group is involved in 
intramolecular hydrogen bonding, the carboxylic acid groups of the [2,n-Hpydcar 
ligands (n = 4 or 5) show greater deviations from co-planarity with the pyridine ring 
of the bidentate ligand than the carboxylate group do. The most notable example is 
complex 76'H20, where the carboxylic acid group lies at an angle of 27(2)" to the 
pyridine ring of the bidentate ligand. Smaller deviations from co-planarity are 
observed for the carboxylic acid groups of the monodentate ligands, similar in 
magnitude to the twist angles of the coordinated carboxylate groups. 
The PPh3 complexes 57, 66, 71'H20 and 75 all have a similar, staggered 
conformation around the ruthenium, with the phosphorus atom lying very close to 
CCl) of the p-cymene ring (Figure 5.52), presumably to maintain a maximum distance 
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between the sterically demanding phenyl rings of the PPh3 ligand and the fairly bulky 
Pr; group of the p-cymene ligand. 
cnol 
Figure 5.52. The general staggered conformation around the ruthenium atom in 
PPh3 complexes 57, 66, 71'020 and 75 (shown for complex 57). 
It is often found in RU(ll-arene)(PPh3) complexes that the Ru-C bonds trans to the 
phosphine are lengthened compared to the other Ru-C bonds in the complex. This is 
known as the trans bond-weakening effece7S,28J and occurs because, in addition to the 
donation of electron density to the ruthenium ion by the phosphorus atom, the low-
lying d orbitals of the phosphorus atom allow back-donation of electron density from 
the ruthenium ion. This reduces the electron density available for the Ru-C bond trans 
to the phosphine, and hence lengthens the trans Ru-C bond, and increases the overall 
Ru-arene distance. 
The longest Ru-C bonds in complexes 57, 71,020, 75 and the cation containing Ru(l) 
in 66 are observed to be between Ru(l) and C( I) - the carbon atom closest to the 
phosphine group (Figure 5.52). The bond lengths measure 2.272(2) A, 2.274(11) A, 
2.268(6) A and 2.289(3) A in 57, 71,020, 75 and the cation containing Ru(l) in 66, 
respectively. The second longest Ru-C bonds in these complexes are the bonds trans 
to the phosphine, measuring 2.259(2) A, 2.253(11) A, 2.225(8) A and 2.270(3) A in 
57, 71'020, 75 and the cation containing Ru(l) in 66, respectively. However, in the 
cation containing Ru(2) in 66, the longest Ru-C bond is trans to the phosphine 
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(measuring 2.300(3) A) and the second longest Ru-C bond is closest to the phosphine 
(measuring 2.264(3) A). 
There are two possible reasons283 for the longest Ru-C bonds generally being closest 
to the phosphine group - either (a) the aromatic ring of the p-cymene ligand is tilted 
with respect to the plane of the N, O,P plane in the complexes or (b) the aromatic ring 
is not planar. Both possibilities could be caused by the steric requirements of the PPh] 
ligand. 
The complexes 57, 66, 71·H20 and 75 all show angles in the range 5.2-6.6° between 
the plane of the p-cymene aromatic ring and the plane of the N,O,P donor atoms, with 
the aromatic ring tilted away from the phosphine group (Figure 5.53). These tilt 
angles are comparable to those observed in the bromide and iodide complexes 
discussed in Chapter 4. 
,..---.CI.,-----------"'-------------"") 6.3(3)° 
• 
• 
C"01 • 
Figure 5.53. The p-cymene ligand is tilted away from the N,O,P plane by an angle 
of 6.3(3)" in complex 75. 
The PPh] complexes all show small deviations of the p-cymene ring carbon atoms 
from co-planarity, with the largest deviations being either for C(I) closest to the 
phosphine or C(3) and C(4) trans to the phosphine. The largest deviation of a p-
cymene aromatic ring carbon atom from co-planarity with the ring in the PPh] 
complexes was observed in complex 66, measuring 0.036(2) A. Bennett et al.283 have 
suggested that r/-aromatic rings which are bent, rather than tilted, have a significant 
localisation of the ring 7r-electrons, which results in the alternation of short and long 
C-C bonds around the ring.m The PPh] complexes, except 75, clearly show this C-C 
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bond length alternation (Figure 5.54). Compound 75 has one of the largest p-cyrnene 
tilt angles in this series of complexes (6.3(3)"), however the C-C bond length 
alternation is not significant. 
1.353(15) 1.433( 15) 
Figure 5.54. C-C bond length alternation in PPh3 complex 71'020. 
Considering the evidence of the tilting of the p-cyrnene aromatic ring with respect to 
the plane of the N,O,P donor atoms and the C-C bond length alternation observed in 
most of the phosphine complexes presented here, it is likely that the Ru-C bond 
lengths closest to the phosphine are lengthened as a result of a combination of the 
tilting of the p~ymene ligand away from the phosphine and the bending of the 
aromatic ring. The trans bond-weakening effect275,283 clearly explains the long Ru-C 
bonds lrans to the phosphine. 
Similar analysis of the remaining complexes (bearing pyridyl monodentate ligands) 
shows that all complexes, except for complex 80, possess staggered conformations of 
the N,O,N donor atoms with respect to the ring carbon atoms of the p-cymene ring. 
Complex 80 (Figures 5.55) has an almost eclipsed conformation. Clear bond length 
alternation in the p-cymene aromatic ring was observed in complexes 70'HBF 4, 
72'oS04, 76'820 and 78'0.5820, but was insignificant in the other five complexes. 
The majority of the complexes have Me and Pr' groups bent slightly towards the metal 
centre, exceptions being complex 78'0.5820 which has the Me group bent away and 
the Pr' group towards the metal, and complex 80 and the complex containing Ru(2) in 
76·2.25DMF which have both alkyl groups bent away from the metal centre. The tilt 
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angles of the p-cymene aromatic nng with respect to the N,O,N plane are less 
significant than in the phosphine complexes. The greatest tilt angle in the complexes 
containing a pyridyl monodentate ligand (with bidentate ligand = 2-pyca or 2,n-
Hpydca) was 4.7(2)°, which was observed in the trimeric complex 70·HBF •. 
Figure 5.55. View of the almost eclipsed conformation of the N,O,N donor atoms 
with respect to the carbon atoms ofthep-cymene ring in [Ag{RU(7l-p-
cymene)(2,5-pydca)11 [BF 41. 
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5.3. Conclusions 
The characterisation of the trimeric cation 70·HBF4 indicates this complex to be the 
intennediate in the synthesis of complexes of the fonn [Ru( 176 -p-cymene )(2,4-
Hpydca)(L)][BF4], where L = monodentate ligand. It could be envisaged that similar 
trimeric cations are fonned upon removal of the chloride from Ru( 176 -p-cymene )(2-
pyca)Cl 41 and RU(176-p-cymene)(2,n-Hpydca)Cl (n = 3, 44; and n = 5, 50), although 
these intennediates have not been crystallised and, in particular, the intennediate 
fonned from RU(176-p-cymene)(2,3-Hpydca)Cl is relatively unstable and solutions 
decompose in air. 
The use of a varied range of solvent systems and anions has failed to allow the 
crystallisation of a number of the compounds presented here. Of the complexes 
bearing monodentate pyridinecarboxylic acid ligands, only those containing a meta-
C02H group on the monodentate ligand have been successfully crystallised. These 
complexes consistently produce the quadrangular R22(20) hydrogen bonded motif in 
the absence of "capping" solvents such as DMF, indicating the stability of this motif. 
The use of "capping" solvents such as DMF and DMSO, however, did not lead to the 
isolation of the remaining complexes as their solvates, as seen in 76·2.25DMF. 
Interestingly, at no time does the acid-acid R22(8) dimer synthon fonn, instead some 
of the oxygen atoms are involved in C-H"""O hydrogen bonds with the aromatic CH 
groups of the pyridyl and p-cymene ligands. 
Of the complexes containing the 3,5-H2Pydca monodentate ligand, only the 2-pyca 
complex 62·H20 has been successfully crystallised. NMR spectra clearly show the 
gradual displacement ofthe 3,5-H2Pydca ligand in solution over the timescale of a I3C 
NMR experiment (approximately four hours), fonning either a DMSO adduct or, 
more likely, producing the trimeric cation intennediate. The observation of the 
displacement of the 3,5-H2Pydca ligand could be explained by the weaker Lewis 
basicity of this ligand compared to the other monodentate pyridinecarboxylic acid 
ligands due to its two electron withdrawing C02H substituents (Figure 5.56). 
266 
C l (; 
OH OH OH OH OH 
Chapter 5 
e 
""'" 0 
OH 
Figure 5.56. The electron-withdrawing ability of the two C(hH groups in 3,5-
H2Pydca. 
The displacement of the monodentate ligand is also observed in the NMR spectra of 
the complex [RU(ll-p-cymene)(2,4-Hpydca)(4-Hpyca)][BF4], whereas the other 
complexes of this monodentate ligand are stable on the NMR timescale. It is possible 
that displacement of the 4-Hpyca ligand also occurs during the attempted 
crystallisation of the complexes of this ligand. A contributing factor to the lack of 
crystallised complexes bearing the 4-Hpyca ligand may also be that the relative 
substitution patterns on these complexes do not allow the formation of sufficient 
hydrogen bonds to maintain an ordered structure. Similarities between 4-Hpyca and 
the amine ligand 4-apy seen in the complex [RU(ll-p-cymene)(2-pyca)(4-apy)][BF4] 
64 suggest the formation of only hydrogen bonds between the cations and anions, 
rather than dimerisation or the formation of extended hydrogen bonded chains and 
ladders which have allowed the crystallisation of many of the other compounds. 
The crystallisation of the 2,3-substituted bromide and iodide complexes 45 and 
46·DMSO proved troublesome, so it was little surprise that the further derivitised 
complexes of this system failed to crystallise, with the exception of the PPh3 adduct. 
The intramolecular hydrogen bonding of the carboxylic acid group at the 3-position 
reduces the availability of hydrogen bond donor groups and this may have contributed 
to the failure in the crystallisation of these compounds. 
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5.4. Experimental 
Materials 
[Ru( rl-p-cymene )Chh 38 was synthesised uSing a literature method. t90 Parent 
chloride complexes RU(ll-p-cymene)(2-pyca)Cl 41 and RU(ll-p-cymene)(2,n-
Hpydca)Cl (n = 3, 44; n = 4, 47; n = 5, 50) were synthesised as stated in Chapter 4. 
All other starting materials were purchased from commercial sources (Aldrich, 
Avocado and Lancaster) and used as received. 
HPLC-grade acetone was pre-dried using molecular sieves prior to use. Et20 was pre-
dried using sodium wire before use. HPLC-grade MeOH was used as received. All 
other solvents were used as received. Deionised water was used where stated. To 
allow crystallisation of the hygroscopic compounds, crystallisation solutions, where 
appropriate, were dried using either Na2S04 or MgS04 then filtered and left to 
crystallise using the conditions stated. 
Physical Measurements 
Methods described in Chapter 4 were used to obtain I H and I3C NMR spectra of the 
compounds. 3lpeH} NMR spectra were obtained either on a Bruker DPX-400 MHz 
spectrometer operating at 161.98 MHz for 31 p or on a Bruker AC-250 MHz 
spectrometer operating at 101.26 MHz for 31p. 3Ip{IH} spectra were referenced to 
external 85% H3P04 in H20 standard at 0.0 ppm. 
Other physical measurements were carried out using methods described In the 
preceding chapters. 
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5.4.1. Characterisation data for compounds 57-80 
General Method for the Synthesis of Compounds 57-65 
~ ~ 
1 L AgBF_ I [ BF_] Ru 
o/I ......... cl • Ru 
-AgCI o/I ......... L o~ 2. L o~ 
41 57-65 
To a stirred solution of Ru(,l-p-cymene)(2-pyca)CI 41 in acetone at rt was added 
AgBF 4 (I eq). After I h, AgCI precipitate was removed by filtration through cellite, 
rinsing through with further acetone. The resulting yellow solution was concentrated 
in vacuo and L (I eq) was added. The product was isolated either as a precipitate after 
stirring overnight at rt and then washed with Et20 and air-dried, or EhO was added to 
produce a precipitate from the solution, followed by isolation as before. 
57 [Ru( ,,'-p-qmene)(2-pyca)(pPhJ)) [BF4) 
Ru(,l-p-cymene)(2-pyca)CI 41 (100 mg, 0.243 mmol), AgBF4 (47 mg, 0.24 mmol) 
and PPh3 (64 mg, 0.24 mmol) were reacted using the general method, producing 57 as 
a yellow solid (120 mg, 70 %; mp 242-245 0c) after addition of Et20 to the solution. 
X-ray quality crystals were grown by the vapour diffusion of Et20 into an MeCN 
solution of 57. 
IR umax(KBr)/cm-1 3065 (Ar C-H), 2924 and 2868 (sp3C-H), 1664 (C=O, CO2), 1606 
(C=N), 1480, 1436 and 1391 (siC-H), 1331 (C=O, CO2), 1292 and 1166 (PPh3), 
1058 and 1032 (BF4)' 765,756,746 and 702 (Ar C-H). 
IH NMR (400 MHz, CDCb) 0 9.49 (lH, d, J 5.6 Hz), 7.71-7.67 (2H, m), 7.48-7.37 
(l6H, IS from PPh3, I from 2-pyca), 6.42 (lH, dd, J 6.0, 1.2 Hz), 6.01 (lH, d, J 6.0 
Hz), 5.49 (lH, d, J 6.0 Hz), 5.27 (lH, d, J 6.4 Hz), 2.54 (lH, sept, J 6.8 Hz), 1.69 
(3H, s, Me), 1.10 (3H, d, J 6.8 Hz), 0.87 (3H, d, J 6.8 Hz). 
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I3C NMR (lOO MHz, CDCI3) S l71.1 (Cqual> C=O), 157.2 (CH, C=N, Ar), 150.3 
(Cqual> C=N, Ar), 139.4 (CH, Ar), 134.4 (6CH, Jp.c 10 Hz, PPh3), 132.0 (3CH, 4Jp.c 2 
Hz, PPh3), 130.1 (CH, Ar), 129.5 (6CH, Jp.c 10 Hz, PPh3), 127.9 (3Cqu." IJp.c 48 Hz, 
PPh3), 127.6 (CH, Ar), 115.6 (Cqua" 2Jp.c 8 Hz, Ar, p-cymene), 105.2 (CqWJ1, Ar, p-
cymene), 93.5 (CH, 2Jp.c 8 Hz, Ar, p-cymene), 89.7, 87.0 and 85.6 (CH, Ar, p-
cymene), 31.3 (CH,p-cymene), 23.6, 21.0 and 18.7 (CH3,p-cymene). 
31 p NMR (162 MHz, CDCh) 838.5. 
Analysis calculated for C34H33N02RuBF4P: C, 57.80; H, 4.71; N, 1.98. Found: C, 
58.19; H, 4.65; N, 2.01 %. 
Acc. Mass for [I02RuC34H33N02Pt 620.12880, requires 620.12924. mlz 499 (M"-2-
pyca), 358 (M"-PPh3), 314 (M+-C02-PPh3). 
58 [Ru( rl-p-cymene)(2-pyca)(py») [BF4) 
Ru(,/-p-cymene)(2-pyca)CI 41 (lOO mg, 0.243 mmol), AgBF4 (47 mg, 0.24 mmol) 
and pyridine (0.02 ml, 0.24 mmol) were reacted using the general method, producing 
58 as an orange solid (120 mg, 94 %; mp 216-218 0c) after addition of Et20 to the 
solution. 
X-ray quality crystals were grown by the vapour diffusion of Et20 into an MeCN 
solution of 58. 
IR umax(KBr)!cm-1 3076 (Ar C-H), 2971 and 2874 (siC-H), 1655 (C=O, CO2-), 1604 
(C=C and C=N), 1450 (Sp3C-H), 1342 (C-O, CO2), 1059 and 1038 (BF4)' 766 and 
706 (Ar C-H). 
IH NMR (400 MHz, CDCh) S 9.72 (lH, d, J 5.2 Hz), 8.67 (2H, d, J 6.4 Hz), 8.01-
7.98 (lH, m), 7.88-7.79 (3H, m), 7.41 (2H, t, J 7.2 Hz), 6.09 (lH, d, J 6.0 Hz), 5.86 
(lH, d, J 6.0 Hz), 5.76 (2H, dd, J 8.4,6.0 Hz), 2.49 (IH, sept, J 6.8 Hz), 1.83 (3H, s, 
Me), 1.07 (3H, d,J7.2 Hz), 1.01 (3H, d,J7.2 Hz). 
I3C NMR (100 MHz, CDCh) S 171.1 (Cqua" C=O), 155.2 (CH, Ar, C=N), 153.4 
(2CH, Ar, C=N), 149.4 (CqWJ1, Ar, C=N), 140.8, 139.7, 130.9 and 127.2 (CH, Ar), 
127.0 (2CH, Ar), 104.5 and 102.7 (Cqu." Ar, p-cymene), 87.1, 86.5, 82.7 and 82.3 
(CH, Ar ,p-cymene), 31.4 (CH,p-cymene), 22.7, 22.4 and 18.3 (CH3,p-cymene). 
Analysis calculated for C2IH23N2~RuBF4: C, 48.20; H, 4.43; N, 5.35. Found: C, 
48.35; H, 4.28; N, 5.66 %. 
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Ace. Mass for [,o2RuC21H23N202t 437.08009, requires 437.08030. mlz 358 (M+-py), 
314 ~-COrpy). 
59 [Ru( r,l-p-cymene)(2-pyca)(3-Hpyca))[BF4] 
Ru(r/-p-cymene)(2-pyca)CI 41 (100 mg, 0.243 mmol), AgBF4 (47 mg, 0.24 mmol) 
and 3-Hpyca (30 mg, 0.24 mmol) were reacted using the general method, producing 
59 as a yellow solid (l19 mg, 86 %; mp 190-192 QC) after addition of Et20 to the 
solution. 
X-ray quality crystals of 59·MeCN were grown by the vapour diffusion of Et20 into 
an MeCN solution of 59. 
IR umax(KBr)/cm·1 3078 (Ar C-H), 2968, 2916 and 2868 (sp3C-H), 1719 (C=O, 
C02H), 1624 (asymm. CO2"), 1601 (Ar C=N), 1474 (s/C-H), 1362 (symm. CO2-), 
1273 (C-O), 1079, 1061 and 1046 (BF4-), 774, 746, 693 and 678 (Ar C-H). 
IH NMR (400 MHz, DMSO-d6) 89.69 (lH, d, J 5.2 Hz), 8.88 (lH, s), 8.82 (lH, d, J 
5.6 Hz), 8.41 (IH, d,J8.0 Hz), 8.18 (IH, t,J6.8 Hz), 7.99-7.96 (lH, m), 7.77 (lH, d, 
J7.6 Hz), 7.68 (lH, dd,J7.6, 5.6 Hz), 6.29 (IH, d,J6.0 Hz), 6.25 (IH,d,J6.0 Hz), 
6.01 (lH, d, J 6.4 Hz), 5.94 (IH, d, J 6.0 Hz), 2.59 (IH, sept, J 6.8 Hz), 1.84 (3H, s), 
1.034 (3H, d, J 6.8 Hz), 1.026 (3H, d, J 6.8 Hz). 
I3C NMR (lOO MHz, DMSO-d6) 8 170.6 (equal, C=O), 164.7 (eqUal, C=O), 156.5 (CH, 
Ar C=N), 154.9 (CH, Ar C=N), 153.3 (CH, Ar C=N), 149.4 (eqUal, Ar C=N), 141.5 
(CH, Ar), 140.4 (CH, Ar), 130.2 (CH, Ar), 129.5 (eqUal, Ar), 126.7 (2CH, Ar), 103.5 
and 102.1 (eqUal, Ar,p-cymene), 87.1, 86.1, 82.7 and 82.0 (CH, Ar,p-cymene), 30.7 
(CH,p-cymene), 22.12, 22.06 and 17.6 (CH3). 
Analysis calculated for C22H23N204RuBF4: C, 46.58; H, 4.09; N, 4.94. Found: C, 
46.11; H, 3.98; N, 5.30 %. 
Acc. Mass for [I02RuC22H23N204t 481.07111, requires 481.07013. mlz 358 (M+-3-
Hpyca), 314 (~-C02-3-Hpyca). 
60 [Ru( r/-p-cymene)(2-pyca)(4-Hpyca)] [BF4] 
RU(1]6-p-cymene)(2-pyca)CI 41 (100 mg, 0.243 mmol), AgBF4 (47 mg, 0.24 mmol) 
and 4-Hpyca (30 mg, 0.24 mmol) were reacted using the general method, producing 
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60 as a yellow precipitate (123 mg, 89 %; mp 204-210 DC). Attempts to crystallise the 
compound have failed. 
IR umax(I(Br)/cm·1 3064 (Ar C-H), 2969, 2924 and 2868 (sp3C-H), 1724 (C=O, 
C02H), 1664 (asymm. C02), 1604 (Ar C=N), 1473, 1419 and 1387 (Sp3C-H), 1351 
and 1295 (C-O), 1084 and 1055 (BF4-), 770 and 693 (Ar C-H). 
IH NMR (250 MHz, DMSO-<4) S 9.65 (lH, d, J 5.3 Hz), 8.70 (2H, d, J 6.0 Hz), 8.20 
(IH, t, J 7.6 Hz), 8.00-7.95 (lH, m), 7.89 (2H, d, J 5.8 Hz), 7.77 (lH, d, J 7.6 Hz), 
6.30 (IH, d, J 6.0 Hz), 6.24 (IH, d, J 6.3 Hz), 5.98 (lH, d, J 6.0 Hz), 2.61 (lH, sept, J 
6.9 Hz), 1.85 (3H, s), 1.05 (6H, d, J 6.7 Hz). 
I3C NMR (lOO MHz, DMSO-d6) S 170.2 and 164.9 (equa" C=O), 154.5 (CH, Ar 
C=N), 153.8 (2CH, Ar C=N), 149.0 (equa" Ar C=N), 141.1 (CH, Ar), 129.8 (CH, Ar), 
126.3 (CH, Ar), 125.1 (2CH, Ar), 103.3 and 101.8 (equa" Ar,p-cymene), 86.8, 85.9, 
82.3 and 81.7 (CH, Ar,p-cymene), 30.3 (CH), 21.8, 21.7 and 17.2 (CH3). 
Analysis calculated for C22H23N204RuBF4: C, 46.58; H, 4.09; N, 4.94. Calculated for 
C22H23N204RuBF4 + H20: C, 45.14; H, 4.31; N, 4.79. Found: C, 45.55; H, 3.94; N, 
4.78%. 
Acc. Mass for C02RuC22H23N204t 481.06996, requires 481.07013. m/z 358 (M+-4-
Hpyca), 314 (~-C02-4-Hpyca). 
61 [Ru( r/-p-cymene)(2-pyca)(3,4-H2Pydca)1 [BF 41 
RU(7l-p-cymene)(2-pyca)CI 41 (125 mg, 0.318 mmol), AgBF4 (61 mg, 0.32 mmol) 
and 3,4-H2pydca (53 mg, 0.32 mmol) were reacted using the general method, 
producing 61 as a yellow solid (178 mg, 91 %) after addition of EhO. The sample was 
observed to decompose over the temperature range 175-180 DC. Attempts to 
crystallise the compound have failed. 
IR umax(KBr)/cm·1 3077 (Ar C-H), 2969 and 2924 (sp3C-H), 1728 (C=O, C02H), 
1663 (asymm. CO2), 1604 (Ar C=N), 1474 and 1446 (siC-H), 1350 (symm. C02.), 
1296 (C-O), 1058 and 1028 (BF4-), 856, 805,765,710,692 and 669 (Ar C-H). 
IH NMR (250 MHz, DMSO-<4) S 9.67 (IH, d, J 5.1 Hz), 8.90 (lH, s), 8.81 (lH, d, J 
6.0 Hz), 8.19-8.15 (IH, m), 8.00-7.92 (lH, m), 7.83 (IH, d, J 5.8 Hz), 7.76 (lH, d, J 
7.4 Hz), 6.28 (IH, d, J 5.8 Hz), 6.26 (lH, d, J 6.2 Hz), 6.03 (IH, d, J 6.0 Hz), 5.96 
(lH, d,J6.0 Hz), 2.61 (lH, sept,J6.9 Hz), 1.87 (3H, s), 1.04 (6H, d,J6.5 Hz). 
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Ligand exchange in DMSO-<4 prevented the collection of I3C NMR data. 
Analysis calculated for C23H23N206RuBF4: C, 45.19; H, 3.79; N, 4.40. Found: C, 
45.00; H, 3.45; N, 4.40 %. 
Acc. Mass for [,o2RuC23H23N206t 525.05967, requires 525.05995. mlz 358 (M'-3,4-
H2pydca), 314 (M+-C02-3,4-H2Pydca). 
62 [Ru(r/-p-cymene)(2-pyca)(3,S-H2Pydca»)[BF41 
RU(I/-p-cymene)(2-pyca)CI 41 (125 mg, 0.318 nullOl), AgBF4 (61 mg, 0.32 mmol) 
and 3,5-H2pydca (53 mg, 0.32 mmol) were reacted using the general method, 
producing 62 as a yellow precipitate (153 mg, 79 %). The sample was observed to 
decompose over the temperature range 222-227 QC. 
X-ray quality crystals of 62·H20 were grown by allowing a methanolic solution of 62 
to evaporate slowly at rt. 
IR umax(KBr)/cm·' 3076 (Ar C-H), 2968 and 2924 (sp3C-H), 1726 (C=O, C02H), 
1666 (asymm. CO2.), 1602 (Ar C=N), 1472 and 1447 (Sp3C-H), 1347 (symm. CO2.), 
1297, 1257 and 1166 (C-O), 1124, 1082, 1058 and 1033 (BF4")' 766, 751, 709 and 
693 (Ar C-H). 
'H NMR (250 MHz, DMSO-d6) 15 9.80 (lH, d, J 5.1 Hz), 9.08 (2H, s), 8.66 (IH, s), 
8.19 (IH, t, J 7.2 Hz), 8.00 (lH, 1, J 6.0 Hz), 7.77 (lH, d, J 7.4 Hz), 6.30-6.28 (2H, 
m), 6.08 (lH, d, J 6.5 Hz), 6.03 (lH, d, J 6.3 Hz), 2.59 (lH, sept, J 6.7 Hz), 1.86 (3H, 
s), 1.04 (6H, d,J6.9 Hz). 
Ligand exchange in DMSO-<4 prevented the collection of I3C NMR data. 
Analysis calculated for C23H23N206RuBF4: C, 45.19; H, 3.79; N, 4.58. Found: C, 
45.33; H, 3.44; N, 4.27 %. 
Acc. Mass for [,o2RuC23H23N206t 525.05916, requires 525.05995. mlz 358 (~-3,5-
H2pydca), 314 (~-C02-3,5-H2pydca). 
63 [Ru( ,l-p-cymene)(2-pyca)(2-apy»)[BF41 
RU(Il-p-cymene)(2-pyca)CI 41 (100 mg, 0.243 mmol), AgBF4 (47 mg, 0.24 mmol) 
and 2-apy (23 mg, 0.24 mmol) were reacted using the general method, producing an 
off-yellow solid (67 mg) from which 63 was crystallised in low yield « 5 %; mp 222-
224 QC) by the vapour diffusion of Et20 into an MeCN solution of the crude product. 
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IR umax(KBr)/cm"' 3481 and 3373 (N-H), 3075 (Ar C-H), 2973, 2924 and 2880 (sp3C_ 
H), 1667 (C=O, CO2"), 1633, 1605, 1564 and 1499 (C=C, C=N and N-H), 1449, 1471, 
1392 and 1377 (sp3C-H), 1340 (symm. COn, 1299 and 1168 (C-O), 1058 and 1035 
(BF4")' 776, 768 and 691 (Ar C-H). 
Analysis calculated for C2,H24N302RuBF4: C, 46.86; H, 4.49; N, 7.81. Found: C, 
46.94; H, 4.45; N, 7.69 %. 
Acc. Mass for [102RuC21H24N302t 452.09153, requires 452.09119. mlz 358 (M+-2-
apy), 314 (~-C02-2-apy). 
64 [Ru(7l-p-cymene )(2-pyca)( 4-apy))[BF 4) 
RU(1/-p-cymene)(2-pyca)CI 41 (100 mg, 0.243 mmol), AgBF4 (47 mg, 0.24 mmol) 
and 4-apy (23 mg, 0.24 mmol) were reacted using the general method, producing an 
off-yellow solid (50 mg) from which 64 was crystallised in low yield « 5 %; mp 246-
248°C) by the vapour diffusion of Et20 into an MeCN solution of the crude product. 
IR umax(KBr)/cm" 3484 and 3383 (N-H), 3077 (Ar C-H), 2973, 2919 and 2868 (s/C-
H), 1655 (asymm. CO2"), 1619 and 1523 (C=N and N-H), 1472 and 1449 (s/C-H), 
1342 (symm. CO2"), 1220 and 1168 (C-O), 1071 and 1028 (BF4-), 837 and 766 (Ar C-
H). 
Analysis calculated for C2,H24N302RuBF4: C, 46.86; H, 4.49; N, 7.81. Found: C, 
46.80; H, 4.47; N, 7.77 %. 
Acc. Mass for ['o2RuC21H24N302t 452.09153, requires 452.09119. mlz 358 (~-4-
apy), 314 (M+-C02-4-apy). 
65 [Ru( r/ -p-cymene)(2-pyca)(2-apym») [BF.) 
RU(ll-p-cymene)(2-pyca)CI 41 (100 mg, 0.243 mmol), AgBF4 (47 mg, 0.24 mmol) 
and 2-apym (23 mg, 0.24 mmol) were reacted using the general method, producing an 
off-yellow solid (74 mg) upon addition of EhO, from which 65 was crystallised in 
low yield « 5 %) by the vapour diffusion of Et20 into an MeCN solution of the crude 
product. The low yield prevented the collection of further supporting evidence. 
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General Methods for the Synthesis of Compounds 66-79 
Method A 
I. 4 AgBF. ~ ~CI-"",/C1 I [ BF.] 
Ru )7 2 Ru c/ "c(" 2. 2 H02C1) 0/ I 'L O~~ 3. 2 L ~02H 
38 C02H 
66-79 
To a stirred solution of [Ru(ll-p-cymene)Chh 38 in acetone at rt was added AgBF4 
(4 eq). After I h, AgCI precipitate was removed by filtration through cellite, rinsing 
through with further acetone. The resulting yellow solution was concentrated, then 
2,n-H2Pydca (2 eq) was added. After 2 h at rt, L (2 eq) was added and the resulting 
mixture stirred overnight at rt. The product was isolated either as a precipitate after 
stirring overnight at rt and then washed with EtzO and air-dried, or Et20 was added to 
produce a precipitate from the solution, followed by isolation as before. 
Method B 
xr ~ I. AgBF, I [ BF,] Ru 
0/ I 'Cl • /Ru,,----
-AgCI OiL o~) 2. L O~) ~# 
H02C H02C 
44 (n = 3) 66-69 (n = 3) 
47 (n =4) 70-74 (n = 4) 
50 (n = 5) 75-79 (n = 5) 
To a stirred mixture of RU(ll-p-cymene)(2,n-Hpydca)CI 44 (n = 3), 47 (n = 4) or 50 
(n = 5) in acetone at rt was added AgBF 4 (\ eq). After I h, AgCI precipitate was 
removed by filtration through cellite, rinsing through with further acetone. The 
resulting yellow solution was concentrated in vacuo and L (\ eq) was added. The 
product was isolated either as a precipitate after stirring overnight at rt and then 
washed with Et20 and air-dried, or Et20 was added to produce a precipitate from the 
solution, followed by isolation as before. 
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66 [Ru( r/-p-cymene)(2,3-Hpydca)(PPh3)IIBF 4\ 
[RU(ll-p-cymene)Chh 38 (75 mg, 0.12 mmol), AgBF4 (95 mg, 0.49 mmol), 2,3-
H2pydca (41 mg, 0.25 mmol) and PPh3 (64 mg, 0.24 mmol) were reacted using 
general method A, producing 66 as a yellow solid (140 mg, 76 %; mp 200-202 0c) 
upon addition of Et20. 
X -ray quality crystals were obtained by the vapour diffusion of Et20 into an acetone 
solution of 66. 
IR umax(KBr)/cm-1 3434 (br, OH), 3070 (Ar C-H), 2973 and 2918 (splC-H), 1715 
(C=O, C02H), 1540, 1515 and 1480 (C=O, CO2- and Ar C=N), 1434, 1352 and 1304 
(C-O and sp3C-H), 1082, 1055 and 1028 (BF 4-), 746 and 696 (Ar C-H), 529 and 513 
(PPh3). 
IH NMR (400 MHz, DMSO-d6) 0 9.27 (IH, d, J 5.3 Hz), 7.94 (IH, d, J7.4 Hz), 7.64-
7.61 (IH, m), 7.56-7.52 (3H, m, PPh3), 7.47-7.42 (6H, m, PPh3), 7.29-7.24 (6H, m, 
PPh3), 6.33 (IH,d,J6.5 Hz), 6.30 (lH,d,J6.0 Hz), 6.21 (lH,d,J5.7 Hz), 5.06 (IH, 
d, J 6.2 Hz), 2.36 (I H, sept, J 7.0 Hz), 1.66 (3H, s), 1.08 (3H, d, J 7.0 Hz), 0.80 (3H, 
d,J6.8 Hz). 
DC NMR (lOO MHz, DMSO-d6) 0 168.3 and 166.3 (Cquab C=O), 156.3 (CH, Ar 
C=N), 145.7 (CqUal, Ar C=N), 137.6 (CH, Ar), 135.2 (CqUal, Ar), 133.5 (6CH, d, Jp~ 
10.1 Hz), 131.4 (3CH, PPh3), 129.0 (6CH, d, Jp~ 10.2 Hz), 128.7 (CH, Ar), 127.5 
(3CqUal, Ar, IJp~ 47.4 Hz), 115.3 (CqUal, Ar,p-cymene, 2Jp~ 7.1 Hz), 103.1 (CqUal, Ar, 
p-cymene), 92.1 (CH, Ar, p-cymene, 2Jp~ 5.5 Hz), 89.1 (CH, Ar, p-cymene), 86.80 
and 86.76 (CH, Ar,p-cymene), 30.5 (CH), 22.9,19.7 and 17.3 (CH3). 
3IPCH} NMR (162 MHz, DMSO-~) 0 38.04. 
Analysis calculated for C3sH33N04RuBF4P: C, 56.01; H, 4.43; N, 1.87. Calculated for 
C3sH33N04RuBF4P + 6H20: C, 48.96; H, 5.28; N, 1.63. Found: C, 48.58; H, 4.60; N, 
1.76. 
Acc. Mass for [102RuC3SH33N04Pt 664.11815, requires 664.11837. mlz 498 (M+-2,3-
Hpydca), 402 (~-PPh3), 358 (~-PPh3-C02). 
67 [Ru( r/-p-cymene)(2,3-Hpydca)(3-Hpyca)\ [BF4J 
[RU(ll-p-cymene)Chh 38 (75 mg, 0.12 mmol), AgBF4 (95 mg, 0.49 mmol), 2,3-
H2pydca (41 mg, 0.25 mmol) and 3-Hpyca (30 mg, 0.24 mmol) were reacted using 
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general method A, producing 67 as a yellow precipitate (108 mg, 72 %) upon addition 
of Et20. The sample was observed to decompose over the temperature range 182-190 
QC. Attempts to crystallise the compound have failed. 
RU(7/-p-cymene)(2,3-Hpydca)CI44 (75 mg, 0.17 mmol), AgBF4 (33 mg, 0.17 mmol) 
and 3-Hpyca (21 mg, 0.17 mmol) were reacted using general method B, producing 67 
as a yellow solid (75 mg, 72 %) upon addition of EtzO. 
IR umax(KBr)/cm·1 3500-2500 (br, OH), 3080 (Ar C-H), 2969, 2919 and 2868 (sp3C_ 
H), 1728 (C=O, C02H), 1672 (C=O, CO2"), 1614 and 1589 (Ar C=N), 1471, 1440 and 
1387 (siC-H), 1327, 1282 and 1228 (C-O), 1102, 1058 and 1035 (BF4·), 880, 830, 
811, 750, 694 and 674 (Ar C-H). 
IH NMR (400 MHz, DMSO-~) 0 9.75 (lH, d, J 5.4 Hz), 8.90 (lH, s), 8.84 (lH, d, J 
4.8 Hz), 8.44 (IH, d, J 7.9 Hz), 8.21 (IH, d, J 7.8 Hz), 8.03 (IH, dd, J 7.4,5.5 Hz), 
7.72 (lH, dd, J 7.5,5.7 Hz), 6.28 (lH, d, J 6.4 Hz), 6.27 (lH, d, J 6.6 Hz), 6.01 (lH, 
d, J 6.1 Hz), 5.97 (lH, d, J 6.0 Hz), 2.60 (lH, sept, J 6.8 Hz), 1.85 (3H, s), 1.09 (3H, 
d, J7.0 Hz), 1.07 (3H, d, J6.9 Hz). 
I3C NMR (100 MHz, DMSO-~) 0 168.8, 166.6 and 164.3 (CqWII, C=O), 156.2, 155.1 
and 153.0 (CH, Ar, C=N), 144.6 (Cqual> Ar, C=N), 140.1 and 138.6 (CH, Ar), 134.7 
(CqWII, Ar), 129.6 (CH, Ar), 129.2 (Cqual> Ar), 126.5 (CH, Ar), 103.5 and 101.8 (CqWII, 
Ar,p-cymene), 86.6, 85.7, 82.4 and 81.9 (CH, Ar,p-cymene), 30.3 (CH), 21.74,21.71 
and 17.1 (CH3). 
Analysis calculated for C23H23N206RuBF4: C, 45.19; H, 3.79; N, 4.58. Found: C, 
44.66; H, 3.51; N, 4.23 %. 
Acc. Mass for [102RuC23H23N206t 525.06093, requires 525.05995. m/z 402 (M+-3-
Hpyca), 358 (~-3-Hpyca-C02). 
68IRu(1/-p-cymene)(2,3-Hpydca)(4-Hpyca»)IBF4) 
[RU(7/-p-cymene)Chh 38 (75 mg, 0.12 mmol), AgBF4 (95 mg, 0.49 mmol), 2,3-
H2pydca (41 mg, 0.25 mmol) and 4-Hpyca (30 mg, 0.24 mmol) were reacted using 
general method A, producing 68 as a yellow precipitate (128 mg, 86 %) upon addition 
of Et20. The sample was observed to decompose over the temperature range 185-188 
QC. Attempts to crystallise the compound have failed. 
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IR umax(KBr)/cm-' 3500-2500 (br, OH), 3081 (Ar C-H), 2970, 2924 and 2880 (Sp3C_ 
H), 1731 (C=O, C02H), 1672 (C=O, CO2), 1590 and 1560 (Ar C=N), 1472 and 1420 
(siC-H), 1328, 1283 and 1227 (C-O), 1099 and 1056 (BF4-), 866, 830, 814, 770, 752, 
697 and 674 (Ar C-H)_ 
'H NMR (400 MHz, DMSO-dt;) 8 9.69 (lH, d, J 4.7 Hz), 8.76 (2H, d, J 6.5 Hz), 8.21 
(IH, d, J 7.0 Hz), 8.01 (lH, dd, J 7.9,5.4 Hz), 7.94 (2H, d, J 6.6 Hz), 6.28 (IH, d, J 
5.9 Hz), 6.24 (IH, d, J 6.1 Hz), 5.97 (lH, d, J 6.1 Hz), 5.94 (IH, d, J 6.0 Hz), 2.61 
(I H, sept, J 6.8 Hz), 1.83 (3H, s), 1.06 (3H, d, J 6.8 Hz), 1.05 (3H, d, J 6.8 Hz). 
\3C NMR (lOO MHz, DMSO-dt;) 8168.8,166.6 and 164.7 (equal, C=O), 155.1 (CH, 
Ar, C=N), 154.0 (2CH, Ar, C=N), 144.6 (equa" Ar, C=N), 140.8 (equal, Ar), 138.6 
(CH, Ar), 134.7 (equal, Ar), 129.7 (CH, Ar), 125.1 (2CH, Ar), 103.7 and 101.9 (equal> 
Ar, p-cymene), 86.6, 85.8, 82.4 and 82.0 (CH, Ar, p-cymene), 30.3 (CH), 21.8, 21.7 
and 17.1 (CH3). 
Analysis calculated for C23H23N206RuBF4: C, 45.19; H, 3.79; N, 4.58. Found: C, 
45.64; H, 3.51; N, 4.55 %. 
Acc. Mass for [,o2RuC23H23N206t 525.06093, requires 525.05995. mlz 402 (M'"-4-
Hpyca), 358 (M+-4-Hpyca-C02). 
69 [Ru( r/-p-cymene )(2,3-Hpydca)(3,5-Hzpydca») [BF 4) 
[RU(7l-p-cymene)Chh 38 (75 mg, 0.12 mmol), AgBF4 (95 mg, 0.49 mmol), 2,3-
H2pydca (41 mg, 0.25 mmol) and 3,5-H2Pydca (41 mg, 0.25 mrnol) were reacted 
using general method A, producing 69 as a yellow precipitate (104 mg, 65 %) upon 
addition of EhO. The sample was observed to decompose over the temperature range 
190-195 QC. Attempts to crystallise the compound have failed. 
IR umax(KBr)/cm-' 3456 (br, OH), 2500-2000 (br, OH), 1768 and 1702 (C=O, C02H), 
1671 (C=O, C02), 1630 (C=N), 1370, 1322 and 1227 (sp3C-H and C-O), 1049, 1028 
and 1006 (BF4), 823, 760 and 626 (Ar C-H). 
'H NMR (250 MHz, DMSO-dt;) 8 9.87 (IH, d, J 5.4 Hz), 9.11 (2H, s), 8.69 (IH, s), 
8.22 (IH, d, J 7.9 Hz), 8.06 (IH, dd, J 7.9,5.4 Hz), 6.29 (2H, d, J 5.7 Hz), 6.08 (IH, 
d, J 6.0 Hz), 6.05 (lH, d, J 5.5 Hz), 2.59 (IH, sept, J 6.7 Hz), 1.83 (3H, s), 1.06 (3H, 
d, J 6.9 Hz), 1.05 (3H, d, J 6.9 Hz). 
Ligand exchange in DMSO-dt; prevented the collection of \3C NMR data. 
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Analysis calculated for C24H23N20gRuBF4: C, 43.99; H, 3.54; N, 4.27. Calculated for 
C24H23N20gRuBF4 + 3H20: C, 40.64; H, 4.12; N, 3.95. Found: C, 40.16; H, 3.81; N, 
3.72 %. 
Acc. Mass for [,02RuC24H23N20gt 569.04978, requires 569.04978. m/z 402 (M'-3,5-
H2pydca), 358 (M+-3,5-H2Pydca-C02). 
70 [{Ru(",6-p-cymene)(2,4-Hpydca)h)[BF4!J·HBF4 
[RU(7l-p-cymene)Chh 38 (75 mg, 0.12 mmol), AgBF4 (95 mg, 0.49 mmol) and 2,4-
H2Pydca·H20 (45 mg, 0.24 mmol) were reacted using general method A producing an 
orange-yellow solution of 70. Before addition of a monodentate ligand, the solution 
was allowed to stand overnight, producing just a few orange crystals which were 
analysed by single crystal X-ray diffraction and found to be of the composition 
70·HBF4 . 
IR uma,.(KBr)/cm·1 3267 (br, OH), 3102 and 3074 (Ar C-H), 2969, 2920 and 2872 
(s/C-H), 1746 (C=O, C02H), 1629 and 1597 (C=O, CO£ and Ar C=N), 1474 and 
1453 (sp3C-H), 1380 (C-O, CO2.), 1282, 1231 and 1179 (C-O), 1061 and 1033 (BF4·), 
882,810,793,716 and 660 (Ar C-H). 
71 [Ru( ",6 -p-cymene )(2,4-Hpydca)(PPh3)J[BF 4) 
[RU(7l-p-cymene)Chh 38 (75 mg, 0.12 mmol), AgBF4 (95 mg, 0.49 mmol), 2,4-
H2Pydca·H20 (45 mg, 0.24 mmol) and PPh3 (64 mg, 0.24 mmol) were reacted using 
general method A, producing 71 as a yellow precipitate (138 mg, 75 %, mp 180-183 
QC) upon addition of Et20. 
X-ray quality crystals of 71·H20 were obtained by the slow evaporation of an MeCN 
solution of 71. 
IR umax(KBr)/cm·1 3438 (br, OH), 3066 (Ar C-H), 2969, 2930 and 2874 (s/C-H), 
1720 (C=O, C02H), 1660 (C=O, COn, 1618 (Ar C=N), 1481 and 1435 (sp3C-H), 
1312 (C-O, C02"), 1094 and 1057 (BF4")' 754 and 697 (Ar C-H), 528 and 513 (PPh3). 
IH NMR (400 MHz, DMSO-~) 0 9.50 (lH, d, J 5.3 Hz), 7.96 (IH, d, J 4.4 Hz), 7.55-
7.51 (4H, m, PPh3), 7.44-7.41 (6H, m, PPh3), 7.31-7.27 (6H, m, PPh3), 6.40-6.37 (2H, 
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m), 6.12 (IH, d,J6.0 Hz), 5.19 (lH, d,J5.7 Hz), 2.45 (lH, sept,J6.8 Hz), 1.60 (3H, 
s), 1.06 (3H, d, J 6.8 Hz), 0.84 (3H, d, J 6.8 Hz). 
\3C NMR (lOO MHz, DMSO-dt;) /)169.1 and 164.1 (Cqual, C=O), 156.7 (CH, C=N, 
Ar), 150.9 (CqUal, Ar, C=N), 141.5 (CqUal, Ar), 133.7 (6CH, Ar, PPhJ, J10.0 Hz), 131.4 
(3CH, Ar, PPhJ), 128.9 (6CH, Ar, PPhJ, Jp.c 10.1 Hz), 127.6 (CH, Ar), 127.3 (3Cqual, 
Ar, PPhJ, 'J 47.2 Hz), 125.3 (CH, Ar), 115.0 (CqUal, Ar,p-cymene, 2Jp.c 7.3 Hz), 104.0 
(Cqual, Ar, p-cymene), 92.3 (CH, Ar, p-cymene, 2Jp.c 4.6 Hz), 88.1, 87.6 and 86.5 
(CH, Ar,p-cymene), 30.5 (CH), 22.7, 20.0 and 17.4 (CHJ). 
J'P{'H} NMR (162 MHz, DMSO-dt;) /) 36.99. 
Analysis calculated for CJsHJJN04RuBF4P: C, 56.01; H, 4.43; N, 1.87. Calculated for 
CJsHJJN04RuBF4 + H20: C, 54.70; H, 4.59; N, 1.82. Found: C, 54.50; H, 3.94; N, 
1.75 %. 
Acc. Mass for [,o2RuCJsHJ]N04Pt 664.11876, requires 664.11837. m/z 498 (M+-2,4-
Hpydca), 402 (~-PPhJ), 358 (~-PPhJ-C~). 
72 IRu(116-p-cymene)(2,4-Hpydca)(3-Hpyca))IBF4) 
RU(116-p-cymene)(2,4-Hpydca)CI47 (75 mg, 0.17 mrnol), AgBF4 (33 mg, 0.17 mmol) 
and 3-Hpyca (21 mg, 0.17 mrnol) were reacted using general method B, producing 72 
as a yellow precipitate (75 mg, 71 %) upon addition of Et20. The sample was 
observed to decompose over the temperature range 236-240 QC. 
X-ray quality crystals of 72, as its HS04' salt, were grown by the vapour diffusion of 
Et20 into a methanolic solution of 72 which had been previously dried using MgS04. 
IR umax(KBr)/cm" 3068 (Ar C-H), 2970, 2930 and 2868 (siC-H), 1752 and 1712 
(C=O, C02H), 1628 and 1602 (C=O, CO£), 1473 and 1441 (spJC-H), 1344, 1259 and 
1232 (C-O), 1085, 1062 and 1034 (BF4"), 804, 767, 749, 715, 694 and 666 (Ar C-H). 
'H NMR (250 MHz, DMSO-dt;) 8 9.87 (lH, d, J 5.0 Hz), 8.89 (lH, s), 8.81 (lH, d, J 
5.5 Hz), 8.41 (lH, d, J 7.7 Hz), 8.27 (IH, d, J 5.0 Hz), 7.98 OH, s), 7.71-7.66 (lH, 
m), 6.31-6.28 (2H, m), 6.04 (lH, d, J 6.2 Hz), 5.98 (lH, d, J 6.0 Hz), 2.60 (lH, sept, J 
6.7 Hz), 1.85 (3H, s), 1.04 (3H, d, J 6.7 Hz), 1.03 (3H, d, J 6.7 Hz). 
\3C NMR (lOO MHz, DMSO-dt;) /) 169.6 (2Cqual, C=O), 164.4 (CqUal, C=O), 156.2, 
155.7 and 153.1 (CH, Ar, C=N), 150.2 (CqUal, Ar, C=N), 142.1 (CqUal, Ar), 140.0 (CH, 
Ar), 129.2 (CqUal, Ar), 128.5, 126.4 and 124.8 (CH, Ar), 103.6 and 102.0 (CqUal, Ar,p-
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cymene), 86.9, 85.9, 82.6 and 81.9 (CH, AI, p-cymene), 30.2 (CH), 21.8, 21.7 and 
17.2 (CH3). 
Analysis calculated for C23H23N206RuBF4: C, 45.19; H, 3.79; N, 4.58. Calculated for 
C23H23N206RuBF4 + H20: C, 43.90; H, 4.00; N, 4.45. Found: C, 44.13; H, 3.32; N, 
4.14%. 
Acc. Mass for [102RuC23H23N206t 525.05967, requires 525.05996. m/z 402 (M'-3-
Hpyca), 358 (M'-3-Hpyca-C02). 
73 [Ru( r/ -p-cymene)(2,4-Hpydca)( 4-Hpyca») [BF 4) 
RU(I/-p-cymene)(2,4-Hpydca)CI47 (75 mg, 0.17 mmol), AgBF4 (33 mg, 0.17 mmol) 
and 4-Hpyca (21 mg, 0.17 mmol) were reacted using general method B, producing 73 
as a yellow precipitate (90 mg, 86 %) upon addition of Et20. The sample was 
observed to decompose over the temperature range 236-240 QC. Attempts to 
crystallise the compound have failed. 
IR umax(KBr)!cm·1 3439 (br, OH), 3070 (Ar C-H), 2967, 2925 and 2849 (Sp3C_H), 
1726 (C=O, C02H), 1660 (C=O, COz"), 1609 (Ar C=N), 1418 and 1381 (sp3C-H), 
1325,1296 and 1244 (C-O), 1119, 1084 and 1053 (BF4-), 865, 806, 770, 713 and 676 
(AI C-H). 
'H NMR (250 MHz, DMSO-~) /) 9.80 (lH, d, J 5.7 Hz), 8.72 (2H, d, J 6.5 Hz), 8.24 
(lH, d, J 5.5 Hz), 7.98 (lH, s), 7.89 (2H, d, J 6.5 Hz), 6.29 (lH, d, J 6.0 Hz), 6.26 
(lH, d, J 7.2 Hz), 5.99 (IH, d, J 6.2 Hz), 5.94 (IH, d, J 6.0 Hz), 2.60 (lH, sept, J 7.0 
Hz), 1.84 (3H, s), 1.04 (6H, d, J 6.9 Hz). 
Ligand exchange in DMSO-d6 prevented the collection of l3C NMR data. 
Analysis calculated for C23H23N206RuBF4: C, 45.19; H, 3.79; N, 4.58. Calculated for 
C23H23N20~uBF4 + Me2CO: C, 46.65; H, 4.37; N, 4.18. Found: C, 46.74; H, 3.63; N, 
4.39%. 
Acc. Mass for [I02RuC23H23N206t 525.05967, requires 525.05995. m/z 402 (M'-4-
Hpyca), 358 (M+-4-Hpyca-C02). 
74 [Ru(r/-p-cymene)(2,4-Hpydca)(3,S-H2Pydca»)IBF4) 
Ru( 1/-p-cymene)(2,4-Hpydca)CI 47 (75 mg, 0.17 mmol), AgBF 4 (42 mg, 0.22 mmol) 
and 3,5-H2pydca (29 mg, 0.17 mmol) were reacted using general method B, 
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producing 74 as a yellow precipitate (60 mg, 53 %) upon addition of EtzO. The 
sample was observed to decompose over the temperature range 220-225 °C. Attempts 
to crystallise the compound have failed. 
IR umax(KBr)!cm·1 3414 (br, OH), 3085 (Ar C-H), 2968 and 2930 (s/C-H), 1722 
(C=O, COzH), 1660, 1652 and 1634 (C=O, COz· and AI C=N), 1471, 1446 and 1385 
(s/C-H), 1331, 1308, 1259 and 1217 (C-O), 1115 and 1084 (BF4")' 803, 765, 750, 
714 and 670 (Ar C-H). 
IH NMR (250 MHz, DMSO-d6) () 9.98 (IH, d, J 5.4 Hz), 9.08 (2H, s), 8.65 (lH, s), 
8.30 (lH, d, J 5.7 Hz), 7.99 (lH, s), 6.31 (2H, d, J 6.1 Hz), 6.10 (lH, d, J 6.7 Hz), 
6.06 (lH, d,J5.9 Hz), 2.59 (lH, sept,J6.7 Hz), 1.87 (3H, s), 1.05 (6H, d,J6.7 Hz). 
Ligand exchange in DMSO-~ prevented the collection of I3C NMR data. 
Analysis calculated for CZ4H23N20gRuBF4: C, 43.99; H, 3.54; N, 4.27. Calculated for 
CZ4H23N20gRuBF4 + 5H20: C, 38.67; H, 4.46; N, 3.76. Found: C, 38.59; H, 3.33; N, 
3.15 %. 
Acc. Mass for COZRUC24H23N20gt 569.05059, requires 569.04978. mlz 402 (M+-3,5-
Hzpydca), 358 (~-3,5-H2pydca-C02). 
75 [Ru( Tl-p-cymene)(2,5-Hpydca)(PPb3)J [BF4J 
[RU(ll-p-cymene)Chh 38 (75 mg, 0.12 mmol), AgBF4 (95 mg, 0.49 mmol), 2,5-
H2pydca (41 mg, 0.25 mmol) and PPh3 (64 mg, 0.24 mmol) were reacted using 
general method A, producing 75 as a yellow precipitate (114 mg, 63 %) upon addition 
of EtzO. The sample was observed to decompose over the temperature range 220-222 
°C. 
X-ray quality crystals were grown by allowing an acetoneIH20 (1:1) solution of 75 to 
evaporate slowly at rt. 
IR umax(KBr)!cm-1 3081 (Ar C-H), 2968 and 2878 (s/C-H), 1728 (C=O, COzH), 
1623 (asymm. CO2"), 1604 (Ar C=N), 1482, 1436 and 1390 (s/C-H), 1233 (C-O), 
1096,1058 and 1045 (BF4-), 792, 758 and 702 (Ar C-H), 528 and 514 (PPh3). 
IH NMR (400 MHz, DMSO~) () 9.49 (lH, s), 8.32 (lH, d, J 8.0 Hz), 7.56-7.39 
(lOH, rn, 9 from PPh3, I from 2,5-Hpydca), 7.31-7.26 (6H, rn, PPh3), 6.52 (lH, d, J 
6.0 Hz), 6.41 (IH, d, J 6.0 Hz), 6.02 (IH, d, J 6.0 Hz), 5.46 (IH, d, J 6.0 Hz), 2.42 
(lH, sept, J 7.2 Hz), 1.63 (3H, s), 1.04 (3H, d, J 6.8 Hz), 0.85 (3H, d, J 6.8 Hz). 
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I3C NMR (lOO MHz, DMSO-l4) 8 168.7 and 163.9 (Cqual> C=O), 156.0 (CH, Ar, 
C=N), 152.3 (Cqual> Ar, C=N), 140.3 (CH, Ar), 133.7 (6CH, d, Jp.c 10.1 Hz), 13J.7 
(Cqual> Ar), 131.4 (3CH, Ar), 129.0 (6CH, d, Jp.c 10.1 Hz), 113.9 (3Cqual> Ar, d, IJp.c 
7.2 Hz), 104.3 (2Cquat), 92.9 (CH, Ar, p-cymene, d, 2Jp.c 4.3 Hz), 88.8, 86.9 and 86.2 
(CH, Ar,p-cymene), 30.4 (CH,p-cymene), 22.6, 20.4 and 17.4 (CH3). 
3I p{'H} NMR (101 MHz, DMSO-<4) 843.7. 
Analysis calculated for C3sH33N04RuBF4P: C, 56.01; H, 4.43; N, 1.87. Calculated for 
C3sH33N04RuBF4 + H20: C, 54.70; H, 4.59; N, 1.82. Found: C, 54.50; H, 3.94; N, 
1.75 %. 
Acc. Mass for ['o2RuC3SH33N04Pt 664.11753, requires 664.11837. mlz 498 (M'-2,5-
Hpydca),402 (M'-PPh3), 358 (M'-PPh3-C02). 
76 [Ru( 1]6 -p-cymene)(2,5-Hpydca)(3-Hpyca)) [BF 4) 
[RU(1]6_p-cymene)Chh 38 (75 mg, 0.12 mmol), AgBF4 (95 mg, 0.49 mmol), 2,5-
H2pydca (40 mg, 0.25 mmol) and 3-Hpyca (30 mg, 0.24 mmol) were reacted using 
general method A, producing 76 as a yellow solid (108 mg, 74 %) upon addition of 
Et20 to the solution. The sample was observed to decompose over the temperature 
range 235-237 QC. 
RU(1]6-p-cymene)(2,5-Hpydca)CI50 (75 mg, 0.17 mmol), AgBF4 (33 mg, 0.17 mmol) 
and 3-Hpyca (21 mg, 0.17 mmol) were reacted using general method B, producing 76 
as a yellow solid (96 mg, 91 %) upon addition ofE1z0 to the solution. 
X-ray quality crystals were grown by the slow evaporation of an acetone solution of 
76 at rt, producing 76·H20. The DMF solvate of 76 (76·2.25DMF) has also been 
characterised, having been crystallised from the vapour diffusion of Et20 into a DMF 
solution of 76. 
IR umax(KBr)/cm-1 3062 (Ar C-H), 2973 and 2926 (s/C-H), 1716 (C=O, C02H), 
1623 (asymm. CO2-), 1607 (Ar C=N), 1486, 1442 and 1399 (sp3C-H), 1276 (C-O), 
1084 (BF4")' 887, 808 and 752 (Ar C-H). 
IH NMR (250 MHz, DMSO-l4) 8 10.01 (IH, s), 8.93 (lH, s), 8.92 (lH, d, J 8.1 Hz), 
8.56 (lH, d, J7.9 Hz), 8.40 (lH, d, J 8.1 Hz), 7.86 (IH, d, J 8.1 Hz), 7.69 (lH, dd, J 
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8.1, 5.9 Hz), 6.34 (IH, d, J 6.7 Hz), 6.29 (lH, d, J 6.6 Hz), 6.02 (2H, d, J 6.5 Hz), 
2.59 (lH, sept,J6.9 Hz), 1.84 (3H, s), 1.05 (lH, d,J6.7 Hz), 1.03 (lH, d,J6.7 Hz). 
I3C NMR (lOO MHz, DMSO-d6) 8 169.6, 164.5 and 164.4 (equal> C=O), 156.5 and 
155.1 (CH, AI, C=N), 153.2 (equal> AI, C=N), 153.2 (CH, AI, C=N), 141.6 and 140.0 
(CH, AI), 132.6 and 129.3 (equal> AI), 102.9 amd 102.4 (eqUal, Ar, p-cymene), 87.4, 
84.5, 81.8 and 81.5 (CH, AI, p-cymene), 30.4 (CH, p-cymene), 22.0, 21.8 and 17.3 
(CH3). 
Analysis calculated for C23H23N206RuBF4: C, 45.19; H, 3.79; N, 4.58. Calculated for 
C23H23N206RuBF4 + H20: C, 43.90; H, 4.00; N, 4.45. Found: C, 44.35; H, 3.71; N, 
4.32%. 
Acc. Mass for [I02RuC23H23N206t 525.06093, requires 525.05996. m/z 402 (M'"-3-
Hpyca), 358 (M'"-C02-3-Hpyca). 
77 [Ru( 1/-p-cymene)(2,5-Hpydca)( 4-Hpyca») [BF 4) 
[RU(ll-p-cymene)Chh 38 (75 mg, 0.12 rnmol), AgBF4 (95 mg, 0.12 rnmol), 2,5-
H2pydca (41 mg, 0.25 rnmol) and 4-Hpyca (30 mg, 0.24 rnmol) were reacted using 
general method A, producing 77 as a yellow precipitate (138 mg, 94 %). The sample 
was observed to decompose at temperatures in excess of 250°C. Attempts to 
crystallise the compound have failed. 
RU(I/-p-cymene)(2,5-Hpydca)CI 50 (lOO mg, 0.229 mmol), AgBF4 (45 mg, 0.23 
rnmol) and 4-Hpyca (28 mg, 0.23 rnmol) were reacted using general method B, 
producing 77 as a yellow solid (95 mg, 68 %) upon addition of Et20 to the solution. 
IR umax(KBr)/cm·1 3080 (Ar C-H), 2967 (Sp3C-H), 1739 and 1722 (C=O, C02H), 
1615 (asyrnm. C02'), 1574 (AI C=N), 1418 and 1360 (s/C-H), 1294 and 1277 (C-O), 
1124,1084,1072 and 1051 (BF4"), 799, 768,751,704 and 669 (ArC-H). 
IH NMR (400 MHz, DMSO-~) 8 9.96 (IH, s), 8.67 (2H, d, J 5.6 Hz), 8.55 (lH, d, J 
7.6 Hz), 7.90 (2H, d, J 5.6 Hz), 7.85 (IH, d, J 8.0 Hz), 6.33 (IH, d, J 8.0 Hz), 6.25 
(lH, d, J 6.0 Hz), 5.97 (2H, d, J 6.0 Hz), 2.59 (IH, sept, J 6.8 Hz), 1.84 (3H, s), 1.03 
(6H, d, J 6.0 Hz). 
I3C NMR (100 MHz, DMSO-~) 8 169.6, 165.0 and 164.4 (Cqual, C=O), 155.0 (CH, 
AI, C=N), 154.1 (2CH, AI, C=N), 151.3 (eqUal, AI, C=N), 141.5 (CH, AT), 141.3 and 
133.1 (equal, Ar), 126.3 (CH, Ar), 125.2 (2CH, Ar), 103.1 and 102.5 (equal, Ar, p-
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cymene), 87.4, 86.5, 81.8 and 81.7 (CH, p-cymene, AT), 30.4 (CH, p-cymene), 22.0, 
21.8 and 17.3 (CH3). 
Analysis calculated for C23H23N206RuBF4: C, 45.19; H, 3.79; N, 4.58. Found: C, 
45.l6; H, 3.47; N, 4.l6 %. 
Ace. Mass for C02RuC23H23N206t 525.06093, requires 525.05996. m/z 402 (M+-4-
Hpyca), 358 (~-C02-4-Hpyca). 
78 [Ru( ,l-p-cymene )(2,S-Hpydca)(3,4-Hpydca) I 
[RU(ll-p-cymene)Chh 38 (75 mg, 0.12 mmol), AgBF4 (95 mg, 0.49 mmol), 2,5-
H2pydca (41 mg, 0.25 mmol) and 3,4-H2Pydca (41 mg, 0.25 mmol) were reacted 
using general method A, producing 78 as a yellow precipitate (105 mg, 76 %). The 
sample was observed to decompose over the temperature range 191-195 DC. 
X-ray quality crystals of 78·O.SH20 were obtained by allowing a MeOH solution of 
78 to evaporate slowly at room temperature. 
IR umax(KBr)/cm·1 3500-2500 (br, OH), 3081 (Ar C-H), 2970, 2924 and 2880 (Sp3C_ 
H), 1731 (C=O, C02H), 1659 and 1628 (C=O, CO2"), 1578 (C=N), 1395, 1282 and 
1061 (C-O), 803, 751 and 669 (Ar C-H). 
IH NMR (400 MHz, DMSO-~) 0 10.01 (lH, s), 8.96 (lH, s), 8.93 (lH, d, J 6.0 Hz), 
8.64 (lH, d, J 8.0 Hz), 7.87 (lH, d, J 8.0 Hz), 7.83 (IH, d, J 5.6 Hz), 6.34 (lH, d, J 
6.4 Hz), 6.29 (lH, d, J 6.8 Hz), 6.04-6.01 (2H, m), 2.60 (lH, sept, J 6.8 Hz), 1.88 
(3H, s), 1.07 (3H, d, J 6.9 Hz), 1.04 (3H, d, J 6.9 Hz). 
I3C NMR (100 MHz, DMSO-d6) 0 169.5, 165.9, 164.4 and 164.2 (Cqual, C=O), 155.9, 
155.0 and 153.8 (CH, AT, C=N), 151.5 (2Cquat, AT, C=N), 141.5 (CH, AT), 132.3 
(2Cqualo AT), 126.3 (CH, AT), 124.8 (CH, Ar), 103.0 and 102.4 (Cqualo AT,p-cymene), 
87.3,86.4,81.9 and 81.6 (CH, Ar,p-cymene), 30.3 (CH), 21.8, 21.7 and 17.2 (CH3). 
Analysis calculated for C24H22N20gRu: C, 50.79; H, 3.91; N, 4.94. Calculated for 
C24H22N20gRu + 3H20: C, 46.38; H, 4.54; N, 4.51. Calculated for C24H22N20gRu + 
0.5HBF4: C, 47.15; H, 3.71; N, 4.58. Found: C, 46.32; H, 3.39; N, 4.19 %. 
Ace. Mass for [I02RuC2~22N20gl568.04268, requires 568.04196. m/z 402 (~-2,5-
Hpydca or ~-3,4-Hpydca), 358 (~-2,5-Hpydca-C02 or M+-3,4-Hpydca-C02). 
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79 [Ru( rl-p-cymene)(2,5-Hpydca)(3,5-H2Pydca)1 [BF41 
[RU(1l-p-cymene)Chh 38 (75 mg, 0.12 mmol), AgBF4 (95 mg, 0.49 mmol), 2,5-
H2pydca (41 mg, 0.25 mmol) and 3,5-H2pydca (41 mg, 0.25 mmol) were reacted 
using general method A, producing 79 as a yellow precipitate (134 mg, 85 %). The 
sample was observed to decompose over the temperature range 220-225 °C. Attempts 
to crystallise the compound have failed. 
IR umax(KBr)/cm·1 3053 (Ar C-H), 2961 (siC-H), 1727 (C=O, C02H), 1666 (asymm. 
C02-), 1392 (symm. CO2-), 1284, 1248, 1164 and 1126 (C-O), 1082, 1050 and 1034 
(BF4-), 882, 808, 749 and 678 (Ar C-H). 
IH NMR (250 MHz, DMSO-dt.) 0 10.13 (IH, s), 9.17 (2H, s), 8.65 (lH, s), 8.56 OH, 
d, J 8.1 Hz), 7.86 (lH, d, J 8.0 Hz), 6.35 OH, d, J 6.2 Hz), 6.30 (lH, d, J 6.0 Hz), 
6.09 (lH, d, J 6.4 Hz), 6.07 (IH, d, J 6.7 Hz), 2.56 (IH, sept, J 6.9 Hz), 1.85 (3H, s), 
1.03 (3H, d, J 7.2 Hz), 1.02 (3H, d, J 6.9 Hz). 
I3C NMR (100 MHz, DMSO-dt.) 0 169.6 (Cqua" C=O), 165.6 (2Cqua" C=O), 164.0 
(Cqua" C=O), 156.2 (CH, Ar, C=N), 153.6 (2CH, Ar, C=N), 151.8 (2Cqu~, Ar, C=N), 
141.6 (CH, Ar), 137.5 (CH, Ar), 129.7 and 126.8 (Cqual, Ar), 126.4 (CH, Ar), 102.9 
and 102.4 (CqUal, Ar, p-cymene), 87.4, 86.4, 82.1 and 81.7 (CH, Ar, p-cymene), 30.3 
(CH,p-cymene), 21.8 (2CH3), 17.2 (CH3). 
Analysis calculated for C24H23N20sRuBF4: C, 43.99; H, 3.54; N, 4.27. Analysis 
calculated for C24H23N20sRuBF4 + 0.5Me2CO: C, 44.75; H, 3.83; N, 4.09. Found: C, 
44.93; H, 3.15; N, 4.05 %. 
Acc. Mass for [102RuC24H23N20st 569.04979, requires 569.04979. m/z 402 (M'-3,5-
H2pydca), 358 (M'-C02-3,5-H2Pydca). 
5.4.2. Crystallographic Experimental 
Data for all compounds except compound 70·HBF4 were collected using a Bruker 
AXS SMART 1000 CCD diffractometer using graphite-monochromated Mo-I<" (A. = 
0.71073 A) radiation. Data for compound 70·HBF4 were collected by the EPSRC 
National Service at the University of Southampton using an EnrafNonius KappaCCD 
area detector diffiactometer equipped with an Enraf Nonius FR591 rotating anode 
source producing graphite-monochromated Mo-I<" (A. = 0.71073 A) radiation. 
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All structures were solved by Patterson synthesis, except for compounds 65 and 
70·HBF4 which were solved by direct methods. All structures were refined by full-
matrix least-squares methods on P, producing CIF files which have been checked 
using the IUCr CheckCif routines. 
All H atoms, except water H atoms and NH atoms, were placed in geometrically 
calculated positions and were refined using a riding model (aryl C-H 0.95 A, methyl 
C-H 0.98 A, methine C-H 1.00 A, aldehyde C-H 0.95 A, O-H 0.84 A). The 
coordinates of OH atoms in 59·MeCN and 66 were subsequently freely refined. Water 
H atoms in 71·H20 were located in the difference Fourier map and have been refined 
with restraints on the O-H bond length (target value 0.84 A) and the H-O-H bond 
angle (target value 107''). NH atoms in compounds 63-65 were located in the 
difference Fourier map and were refined with restraints on the N-H bond length. 
Uiso(H) values were set to be 1.2 times Ueq of the carrier atom for aryl CH and 
methine CH, and 1.5 times Ueq of the carrier atom for OH, NH and CH3• Hydrogen 
atoms were not found on the water molecules in compounds 76·H20 and 78·0.5H20. 
Unless stated as follows, all structural determinations proceeded without the need for 
further restraints or disorder modelling. 
Compound 62 was refined with restraints on the anisotropic displacement parameters 
of the atoms in the BF4- anion. Compounds 63, 64, 65 and 75 were observed to have 
disorder in one (or the only) BF4- anion, and the anion was subsequently refined in 
each structure as disordered over two sets of positions, with one B-F bond coincident. 
Restraints were applied to the geometry of the BF 4 - anion and also to the anisotropic 
displacement parameters of the boron and fluorine atoms, resulting in the major 
disorder component having occupancies of 93.3(4) %, 71.3(8) %, 50(2) % and 
60.8(13) % in compounds 63, 64, 65 and 75 respectively. The refinement of 70·HBF4 
led to the modelling of two of the four BF4- anions as disordered - one without any 
coincident atoms across the two alternative positions [major occupancy 73.0(12) %] 
and one with the B-F bond coincident [major occupancy 63.2(11) %]. 
Compound 71·H20 contained a disordered Pr; group, and this was modelled over two 
sets of positions with the branched C atom coincident using restraints on the geometry 
of the group and on the anisotropic displacement parameters of the carbon atoms in 
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the group [major occupancy 56(6) %]. Compound 72 (HS04' salt) was refined using 
restraints on the O-H bond length in the anion and using restraints on the anisotropic 
displacement parameters of the carboxylic acid group. 
Compound 76·2.25DMF was found to be highly disordered. The Pr' groups of the two 
unique cations were disordered, with one Pr; refined with one methyl group and the 
branched C coincident [major occupancy 79.5(15) %] and the other refined with only 
the branched carbon coincident [major occupancy 65.9(\5) %]. One BF4' anion was 
found to be disordered, and was modelled over two sets of positions with one B-F 
bond coincident [major occupancy 53.5(13) %]. The aldehyde group of one DMF 
molecule was modelled as disordered with the C=O and C-H bonds exchanged [major 
occupancy 61.7(13) %]. The refinement of 76·2.25DMF was carried out using 
restraints on the anisotropic displacement parameters of the atoms in the disordered 
groups and also on the geometry of. the disordered groups. A half-weight DMF 
molecule positioned across an inversion centre could not be modelled with point 
atoms. The program SQUEEZE84 recovered 45 unaccounted electrons in the unit cell, 
and this was assumed to be a ninth DMF molecule (40 electrons per molecule) in the 
unit cell. 
Compound 76·H20 was found to have disorder in the carboxylic acid group with 
complementary disorder in the position of the water molecule [major occupancy 
53.7(13) %]. One BF4' anion was also found to be disordered and was modelled over 
two sets of positions with one B-F bond coincident [major occupancy 58.1(11) %]. 
Restraints were applied to the anisotropic displacement parameters of the atoms in the 
disordered groups and also to the geometry of the disordered groups. 
Compound 7S·0.5H20 was found to contain a disordered [3,4-Hpydcar ligand, and 
this has been modelled over two equally-occupied sets of positions with the N atom 
coincident, with complementary disorder of the half-weight water molecule across the 
inversion centre. Restraints were applied to the anisotropic displacement parameters 
of the atoms in the disordered groups and also to the geometry of the disordered 
groups. 
Programs used during data collection, refinement and production of graphics were 
Bruker SMART,44 SAINT,46 SHELXTL 48 and local programs. 
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6. Test Reactions Leading to Ideas for Future Work 
6.1. Introduction of Further Carboxylic Acid Functionality to Ruthenium(7l-
arene) Complexes 
The range of complexes discussed in chapters 4 and 5 are somewhat limited in their 
hydrogen bonding potential due to the commercial availability of pyridinecarboxylic 
acids bearing, at most, two carboxylic acid groups, of which at least one is engaged in 
the bidentate coordination of the ruthenium metal. The use of commercially available 
2,2' -bipyridine dicarboxylic acids would provide two nitrogen atoms for coordination, 
leaving two exodentate carboxylic acids groups. 2,2' -Bipyridine dicarboxylic acid 
ligands have been used recently in the coordination of Rh(III) and Co(III), producing 
tris(bipyridine) complexes linked by hydrogen bonds?84 2,2'-Bipyridine dicarboxylic 
acids can be expensive to purchase commercially, although they can be synthesised 
using literature methods?8S-287 In an attempt to model reactions using these ligands, 
the inexpensive bipyridine ligand was reacted with [RU(ll-p-cymene)Chh using an 
adapted literature method/88 producing [Ru( ll-p-cymene )(2,2' -bipyridine )CI]CI 81 
(Figure 6.1). Complexes of similar structure bearing p-cymene or [22]cyclophane as 
the r/-arene, and 2,2'-bipyridine or 1,1O-phenanthroline as the bidentate ligand have 
been structurally characterised previously?69,289,290 Reactions could be envisaged 
between [RU(Il-p-cymene)Chh and 2,2'-bipyridine-3,3'-dicarboxylic acid and 2,2'-
bipyridine-4,4' -dicarboxylic acid, producing mononuclear half-sandwich cationic 
complexes similar in structure to 81 (Figure 6.2). 
2 'r-9- + Cr 
/Ru--. ,r 
Cl/ \ N 
N ~ 
,r \ 
~ 
Figure 6.1. The preparation of (Ru(7l-p-cymene)(2,2'-bipyridine)CIICI81.288 
290 
Chapter 6 
+ 
+ 
-
~ Cl ~ Cl C02H Ru {/ 
.......... Ru ___ {/ 
.......... \---N I Cl \ N Cl N ~ C02H N ::::,... {/ I {/ 
::::,... 
H02C C02H 
Figure 6.2. Expected structures of the products of the reactions of [Ru( Tl-p-
cymene)CI2!z with 2,2'-bipyridine-n,n'-dicarboxylic acid (n = 3 or 4). 
The reaction of [Ru(7/-p-cymene)(2,2'-bipyridine)CI1CI 81 with two equivalents of 
AgBF4, followed by removal of AgCI and addition of two equivalents of a 
monodentate ligand (PPh3, 3-Hpyca and 4-Hpyca) (Figure 6.3) did not lead to the 
expected compounds. NMR spectroscopy indicated a mixture of compounds, based on 
the presence of a number of different environments for the p-cymene ligand. It is 
presumed that the reactions were affected by the presence of water (microanalysis 
showed that [Ru( 7/-p-cymene )(2,2' -bipyridine )CI1CI 81 contained one molecule of 
water per complex, even after drying in an oven for two days) as it has been shown 
that metaI-arene complexes bearing bidentate ligands have a slow exchange rate of 
water molecules bound at the monodentate site.288 It is felt that these reactions are 
worthy of further investigation, with additional care needed in using dry conditions. 
~ + -Cl ~ I. 2 AgBF4 [ BF4L 
.......... Ru ___ {/ 2.L /Ru ___ {/ 
Cl \ N • L \ N 
- 2AgCl N ::::,... N ::::,... 
,y ~ I 
::::,... ::::,... 
Figure 6.3. The reaction of [Ru(1/-p-cymene)(2,2'-bipyridine)CIICI with Ag+ 
followed by monodentate Iigands. 
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Another approach to the introduction of extra carboxylic acid groups to the complexes 
discussed in chapters 4 and 5 involves the derivitisation of picolinic acid, which could 
be extended to the other bidentate pyridinedicarboxylic acids. Reaction of pyridine-2-
carbonyl chloride with a primary amine produces a wide range of picolinamides 
(Figure 6.4), with scope for the addition of extra functionality in the use of aniline 
derivatives with substituents at varying positions around the ring.291 
• + 
-Hel 
Figure 6.4. The synthesis of N-(aryl)picolinamides via the reaction of pyridine-2-
carbonyl chloride with aniline derivatives.291 
N-(aryl)picolinamides are known to coordinate to metals through either bidentate 
N,O- (Figure 6.5(a)) or N,N-coordination (Figure 6.5(b)), with proton loss in the latter 
case.291 Crystal structures containing the two binding modes are shown in Figures 6.6 
and 6.7. 
(a) 
N 
H 
~ 
(b) 
Figure 6.5. (a) N,D-coordination and (b) N,N-coordination of 
N-(aryl)picolinamide ligands to metal centres.m 
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CI2J 
Cl31 
~ 
0111 
~ 
0141 
Figure 6.6. View of [Co(picolinamide-N,Oh(HzOhIlCH3COzh·4H20.292 
Figure 6.7. View of Ru(L-OMe)3 
(where LH-OMe = pyridine-2-carboxylic acid (4-methoxyphenyl)-amide).291 
The bonds of the ligand at the rear of the view are shown as open for clarity. 
Bis(picolinamides) have been synthesised from the reaction of pyridine-2-carbonyl 
chloride with bis(primary amines) (Figure 6.8)/93 producing ligands which have the 
potential for binding to two different metal centres. Binding of such ligands to only 
one metal centre is also known (Figure 6.9)?94 
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Figure 6.8. The synthesis of 1,1 '-binaphthyl-2,2'-bis(2-pyridylcarboxamide).293 
CI91 C1I21~ 
Cl81 "~~CII1I 
cm ~" A ... lI Cl121 
CI21 
0121 
Figure 6.9. View of Au(2-(2-pyridylcarboxamido)-2'-(2-pyridylcarboxamide)-
1,1 '-binaphthyl)Ch.294 
A hypothetical structure for the coordination of two Ru( ll-p-cymene )CI units to one 
1,1'-binaphthyl-2,2'-bis(2-pyridylcarboxamide) molecule is shown in Figure 6.\0. 
The addition of extra functionality such as C02H or NH2 groups to the picolinamide 
backbone would provide the potential for hydrogen bonding interactions and/or 
coordination to other metal centres (Figure 6.11).295,296 This could be of interest in the 
synthesis of mixed-metal species, with the picolinamide unit coordinated to the 
ruthenium centre, exodentate C02H groups could be reacted with other metal centres 
to create extended coordination arrays (Figure 6.12). 
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Figure 6.10. A bypothetical view of two [Ru(ll-p-cymene)Clt units coordinated 
to one 1,1 '-binaphthyl-2,2'-bis(2-pyridylcarboxamide) molecule, with proton loss 
giving a neutral compound. 
(a) 
-91 N~ H 
NH, 
Figure 6.11. View of (a) Co(N-(2-aminophenyl)quinoline-2'-carboxamide)zCI/95 
and (b) Zn2(2-(pyridine-2-carbonylamino)-benzoate)z(H20)z(OIl)z.296 
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N I 
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Figure 6.12. The possible interaction of exodentate C02H groups with metal 
centres otber than ruthenium, creating extended coordination arrays. 
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Interestingly, there are two biologically active compounds within the diverse 
picolinamide family, and ruthenium complexes of these molecules may be of medical 
significance. The first compound 6-(3,4-diisopropyl-phenylcarbamoyl)-nicotinic acid 
(Figure 6.13(a» has been shown to differentiate leukaemia cel\s,297 while the second 
compound (Figure 6.13(b» has been shown to inhibit the HIV reverse transcriptase 
type I enzyme.298 
(a) 
OH 
N 
H 
(b) 
Br 
~o2CyYBr 
N~ 
H 
C02H 
Figure 6.13. Picolinamide derivatives of biological interest.297.298 
6.2. Introduction of Ligands Bearing Three Orthogonal CO2" Groups to 
Ruthenium( 7l-arene) Complexes 
The assembly of the ruthenium(176-arene) complexes discussed in chapters 4 and 5 
into polygons and polyhedra is hindered by the use of the bidentate 
pyridinedicarboxylic acids - the coordination of the carboxyl 0 atom prevents the use 
of this site for additional ligands bearing hydrogen bonding groups. To mimic the 
molecular box structures discussed in the introduction to chapter 4,230 it would be 
interesting to use ligands which give three C02H groups orthogonal to each other. 
This could be as simple as introducing three 4-Hpyca ligands to the metal centre 
(Figure 6.14). However, preliminary experiments reacting [Ru(176-p-cymene)Clzh 
with four equivalents of AgBF 4, followed by reaction with six equivalents of 4-
Hpyca, failed to provide evidence for the synthesis of this product. 
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2+ 
Figure 6.14. The intended product ofthe coordination of three 4-Hpyca ligands 
to the ruthenium(rl-p-cymene) fragment. 
The use of tridentate ligands or even macrocycles could help ensure the intended 
coordination, and two options containing pyridyl donor groups are terpyridine-based 
ligands299 (Figure 6.15) or pyridine ligands bridged by methylene or amine 
groupS300,JOI (Figure 6.16). 
Figure 6.15. View ofthe ruthenium complex [Ru(NCS)J(4,4',4"-Hztricarboxy-
2,2':6' ,2"-terpyridine-N,N' ,N',))Z .• Z99 
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Figure 6.16. View of Cu(tripyridinedimethane)CI.300 
Terpyridine-based ligands are forced to adopt mer-coordination of a metal centre due 
to their lack offlexibility.299 Pyridine ligands containing methylene bridges are known 
to adopt both Jac- and mer-coordination modes,JOO and in the presence of the r/-p-
cymene group filling three coordination sites, such ligands may be forced to adopt 
facial coordination. Investigation would be needed to determine a synthetic path to 
such ligands bearing three para-C02H groups and the subsequent coordination to the 
ruthenium centre (Figure 6.17). 
2+ 
Figure 6.17. The intended product of the coordination of a tripyridinedimethane 
ligand bearing three para-C02" groups. 
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6.3. The Linking of Ruthenium( 176 -arene) Units Through Bridging Ligands 
The linking together of ~thenium( 176 -arene) units using bridging ligands may aid the 
assembly of extended hydrogen bonding arrays. Siiss-Fink and co-workers have 
shown that the oxalate c2ol- ligand replaces the bridging chloride ligands upon 
reaction with [Ru( l/-p-cymene )Chh, producing the dimeric compound {Ru( 176 -p-
cymene) h( oxalate )Ch 82 (Figure 6.18).276 
Na20xalate ~ 0 0 Cl 
• "-/'X'1''-./ 
new",o .,: ;4~7 / '-.-\:,../ 
-2 NaCl Cl 0 0 
Figure 6.18. The synthesis of {Ru(176-p-cymene)h(oxalate)Ch 82 from [Ru(176-P-
cymene )Chh. 276 
Siiss-Fink and co-workers demonstrated that the chlorides of 82 could be replaced 
with PPh3 using a reaction relying on the displacement of the chlorides, however the 
crystal structure of the product was not determined. Preliminary work has shown that 
the reaction of 82 with two equivalents of AgBF 4 before addition of two equivalents 
of PPh3 does indeed produce the intended dimeric structure [{Ru( 176 -p-
cymene)h(oxalale)(PPh3)2][BF4h 83 (Figures 6.19 and 6.20). 
2 PPh3 
- 2 AgCl 
Figure 6.19. The synthesis of [{Ru(176-p-cymene)h(oxalate)(PPh3hIlBF4h 83 from 
{Ru( 176 -p-cymene) h( oxalate)Ch 82. 
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CI10l 
CI261 
~ 
C125: 
Figure 6.20. View of the [{RuUl-p-cymene)h(oxalate)(PPh3hI2+ cation in 83. 
Hydrogen atoms and anions have been removed for clarity. Selected bond 
lengths for 83 are shown in Table 6.1. 
Table 6.1. Selected bond lengths for 83. 
Ru(l}-O(I) 
Ru(l}-P(I) 
2.137(2) A 
2.3712(9) A 
Ru(l}-O(2) 2.131(2) A 
The work by Siiss-Fink and co-workers highlighted the successful coordination of 
pyridine derivatives to the [{RU(7l-p-cymene)h(oxalate)]2+ fragment, with the 
determination of the crystal structure of the molecular rectangle [{RU(7l-p-
cymene)}4( oxalateM 4,4' -bipyridine)2t+ (Figure 6.21 ).276 
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CI32I CI33I 
NI2I 
NIlAl 
Figure 6.21. View of the molecular rectangle [{Ru(,/-p-cymene)}4(oxalate)z(4,4'-
bipyridine)z)4+.276 
Preliminary investigations have been carried out into the coordination of monodentate 
pyridinecarboxylic acids to the [{RU(ll-p-cymene)h(oxalate)]2+ fragment (Figure 
6.22). It was hoped that, using 4-Hpyca for example, a hydrogen bonded version of 
the 4,4'-bipyridine molecular rectangle could be formed using the R22(8) acid-acid 
dimeric synthon in place of the covalent bonds in 4,4'-bipyridine (Figure 6.23). 
·2 AgCI 
Figure 6.22. The reaction of {Ru(,l-p-cymene)h(oxalate)Ch 82 with 
monodentate pyridinecarboxyJic acids. 
301 
Chapter 6 
4+ 
//1 ~O-H----OKJ ~ N ~ ~ ~ N 
, / - O----H-O ~"'\. /~ 
Ru R 
cl ';0 0/ >0 H,--~ H' / , ,.. - -""\ I '0 I , 
0" / O~ /'0 
Ru R 
/ '\<)~~-H-----O~ < ~N/ u, 
- O-----H-O " rJ 
Figure 6.23. A possible hydrogen bonded rectangle formed from I {Ru( Tl-p-
cymene)}z(oxalate)(4-HpycahI2+ cations. 
NMR spectroscopic analysis of the crude mixtures from the reactions with 3-Hpyca, 
4-Hpyca and 3,5-H2Pydca were inconclusive, with at least three compounds present in 
each case. Mass spectrometry of the crude mixtures indicated the presence of 
[ (Ru( 1/ -p-cymene) h( oxalate )(L) f+ and [{Ru( 1]6 -p-cymene) h( oxalate )]2+ fragments, 
indicating the loss of the monodentate ligands, however the parent ion peak could not 
be located in any of the spectra. The crystallisation of one crystal of the compound 
RU(1]6-p-cymene)(oxalate)(3,5-H2Pydca) 87 perhaps indicates that the intended 
.dimeric species are in fact not stable. Work by Siiss-Fink et al. showed that the 
oxalate group did not link two ruthenium centres in aqueous solution/76 and it is 
possible that any water in the reaction system may have affected the coordination. 
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Figure 6.24. View of the mononuclear complex Ru( ,l-p-cymene)( oxalate )(3,5-
H2pydca) 87. 
Hydrogen atoms except OH have been removed for clarity. Selected bond lengths 
and hydrogen bonding parameters are sbown in Tables 6.2 and 6.3. 
Table 6.2. Selected bond lengths for 87. 
Ru(l}-O(I) 
Ru(l }--N(I) 
2.0797(18) A 
2.131(2) A 
Ru(l}-O(4) 
Table 6.3. Selected hydrogen bonding parameters for 87. 
D-RoA 
O( 5}--H( 5)0(3)i 
0(7}--H(7)0(2)ii 
DA/A 
2.561(3) 
2.613(2) 
D-HI A 
0.84 
0.84 
S . i iil 1 ymmetry operatIOns: -x, -y, -z; -x, -y, -z. 
RA/A 
1.76 
1.77 
2.0822(17) A 
D-HA f' 
159.1 
178.3 
Figure 6.25. View of the hydrogen bonded tapes in 87. 
p-Cymene ligands and hydrogen atoms except OH have been removed for 
clarity. 
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Attempts have also been made to bridge two RU(lt-p-cymene)(2-pyca) fragments 
using the 4,4' -bipyridine ligand (Figure 6.26). Reaction conditions matching those 
used successfully in chapter 5 were adopted, however the reaction mixture quickly 
changed in colour from yellow to red. NMR spectroscopy of the resulting red solid 
was inconclusive, while mass spectrometry clearly showed the presence of the 
[Ru(lt-p-cymene)(2-pyca)(4,4'-bipyridine)]2+ fragment as a major peak and the 
presence of a peak at 735 which could be assigned to the [Ru( It -p-cymene )(2-
pyca)(4,4'-bipyridine)(2-pyca)Ru]2+ fragment, upon loss of one coordinated p-
cymene ligand from the intended product. 
2+ 
Figure 6.26. The intended product of the bridging of two [RU(7/-p-cymene)(2-
pyca)t fragments using 4,4'-bipyridine. 
The linking of ruthenium(lt-arene) units through coordination in addition to the 
hydrogen bonding potential of these complexes is surely worthy of further study 
based on the evidence collected to date. 
6.4. The Introduction of Molecules of Biological Significance to Ruthenium( 7/-
arene) Complexes 
Biological molecules, such as nucleobases and amino acids, contain a plethora of 
functional groups viable for metal-coordination and hydrogen bonding. As discussed 
in the introduction to chapter 4, the coordination of biological molecules to 
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ruthenium-, iridium- and rhodium-arene units has received much recent interest. The 
introduction of monodentate biological ligands to the [Ru(ll-p-cymene)(2-pyca)t 
and [Ru(l/-p-cymene)(2,n-pyridinedicarboxylic acid)t (n = 3, 4 or 5) fragments 
would be a viable approach based on the successes described in chapter 5. The 
successful coordination of mono dentate biologicalligands in the presence ofbidentate 
ligands has been demonstrated by Sheldrick and co-workers in the coordination of 9-
ethylguanine (monodentate) and alanine (bidentate) to the ruthenium(l/-benzene) 
fragment (Figure 6.27).302 
Clt2!~Cl11I CI10I 
• CI9I 
CI1l1 
• CI>II 
015)· 
cm 
Figure 6.27. View of the cation in Ru(,l-benzene)(L-alaninato-N,O)(9-
ethylguanine)CI·2H20.302 
6.5. Further Investigation of the Chirality of the Ruthenium(7/-
arene )(pyridinecarboxylate) Complexes 
The synthesis of chiral-at-metal complexes is of interest in the field of chiral 
catalysis.2IJ,214,22o,JOJ The complexes discussed in chapters 4 and 5 are racemic with 
the metal being the chiral centre. The introduction of further chirality to the 
complexes would produce diastereoisomers, which can sometimes be separated and 
are often used in chiral catalysis. Methods of introducing chirality to the complexes 
include the use of enantiopure ligands, for example (IS,2S,5R)-(+)-
neomenthyldiphenylphosphine, or the use of r/-arene complexes which are 1,2- or 
1,3-substituted, introducing chirality at the arene (Figure 6.28).303 It may also be 
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possible to introduce chirality to the pyridinecarboxylic acids themselves, for example 
through the fonnation of esters containing enantiopure biological ligands such as 
amino acids. 
The modification of the arene ligand may be of interest in future work, as it is 
possible that the nature of the arene ligand affects the packing of the complexes in the 
solid state, particularly when the arene ligand is sterically demanding. 
• 
nmdpp 
--d-
I 
/Ru"-.... 
Cl I nmdpp 
Cl 
+ --©-
I Ru /1"-Cl nmdpp 
Cl 
Figure 6.28. Tbe syntbesis of diastereoisomers of Ru(,l-1,2,4-trimetbylbenzene) 
«IS,2S,SR)-(+)-neomentbyldipbenylpbospbine)CI2.303 
6.6. Tbe Syntbesis of Mono-functionalised Pyridinedicarboxylic Acid Esters 
The synthesis ofthe complexes containing methylated pyridinecarboxylic acids led to 
reactions using Ru( ,l-p-cymene )(2,3-Mepydca)Cl in which it was attempted to 
remove the methylated ligand. Reaction of the complex with two equivalents of 1,2-
bis(diphenylphospino)ethane (dppe) in acidic CH2Ch (Figure 6.29) led to the isolation 
of the complex Ru(dppe)2Ch and pyridine-2,3-dicarboxylic acid, both of which were 
identified by detennining the unit cells of the resulting crystals - presumably, the 
methylated ligand was hydrolysed by the acidic conditions. 
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cx:N C02H I "" # 02Me 
Figure 6.29. The intended reaction of RU(7l-p-cymene)(2,3-Mepydca)CI with 
dppe to isolate pyridine-2,3-dicarboxylic acid 3-methyl ester. 
The synthesis of esters of pyridine-2,n-dicarboxylic acids, selectively functionalised 
at the n-position, is very rare in the literature?04 It is possible to form the n-ester as a 
mixture with the 2-ester or even the diester, however esterification at the 2-position 
often occurs as the major product. For example, esterification of pyridine-2,3-
dicarboxylic acid in MeOH with H2S04 produces the 2-methyl ester as the major 
product (72 %), with the diester being the minor product..105 Thunus and Dejardin-
Duchene have shown that the coordination of the dimethyl esters to Cu2+ and 
subsequent removal from the metal by reaction with H2S selectively removes the ester 
group at the 2_position.306 This method, of course, initially requires the synthesis of 
the diester containing the required R group. Derivatives of pyridinecarboxylic acids 
are known to be of biological significance,l°4,307.Jl)8 therefore procedures designed to 
selectively prepare one of the two possible ester isomers would be of interest. 
The coordination of the pyridine-2,n-dicarboxylic acid, derivitisation of the C02H 
group at the n-position (perhaps using the method discussed in chapter 4 in which the 
sodium salt reacts with some organic halide compound R-X (Figure 6.30» followed 
by removal of the derivitised ligand, effectively utilises the ruthenium ion as a 
protecting group for the 2-acid group. This method could be adapted to allow a wide 
variety of n-ester pyridinecarboxylic acid compounds to be synthesised, however the 
reaction conditions would need investigating so that hydrolysis of the new ester 
compound did not occur. 
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Figure 6.30. The potential synthesis of esterified complexes using organic halides. 
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6.7. Experimental 
6.7.1. Characterisation Data for Compounds 81-88 
81 (Ru( ,l-p-cymene)(2,2'-bipyridine)CllCl 
Compound 81 was synthesised using a modified literature method.288 To a stirring 
suspension of [RU(7l-p-cymene)Chh (400 mg, 0.653 rnmol) in acetone (20 ml) at 
room temperature was added 2,2'-bipyridine (204 mg, 1.31 mmol). The suspension 
was stirred for 6 h at room temperature, producing a yellow precipitate (520 mg, 86 
%) which was collected by filtration, washed with Et20 and air-dried. The sample was 
observed to decompose over the temperature range 220-224 cC. 
IR umax(KBr)/cm·1 3103 and 3061 (Ar C-H), 2968, 2924 and 2868 (spJC-H), 1602 
(Ar C=N), 1470, 1439 and 1314 (siC-H), 788 (Ar C-H). 
IH NMR (400 MHz, DMSO-d6) 1) 9.62 (2H, d, J 5.3 Hz), 8.73 (2H, d, J 8.0 Hz), 8.29 
(2H, dd, J 7.6,7.4 Hz), 7.79 (2H, dd, J 6.5,6.4 Hz), 6.28 (2H, d, J 6.2 Hz), 6.04 (2H, 
d, J 6.2 Hz), 2.57 (lH, sept, J 6.8 Hz), 2.18 (3H, s), 0.93 (6H, d, J 6.9 Hz). 
I3C NMR (100 MHz, DMSO-~) 1) 156.0 (2CH, Ar, C=N), 154.3 (2Cqual, Ar, C=N), 
139.9 (2CH, Ar), 127.6 (2CH, Ar), 123.9 (2CH, Ar), 103.6 and 103.5 (CqUal' Ar, p-
cymene), 86.7 and 83.9 (2CH, Ar, p-cymene), 30.3 (CH), 21.6 (2CH), 18.3 (CH). 
Analysis calculated for C2oHllN2RuCh: C, 51.95; H, 4.80; N, 6.06. Analysis 
calculated for C2oH22N2RuCh + H20: C, 50.00; H, 5.04; N, 5.83. Found: C, 49.92; H, 
4.51; N 5.66 %. 
Acc. Mass for [102RuC20H22NlSClt 427.05170, requires 427.05150. m/z 429 
([102RuC20H22Nl7CI]), 392 (M'.JsCI), 293 (M+-p-cymene), 257 (M'.p-cymene-)SCI). 
82 (Ru( 116 -p-eymene) h( oxalate )Ch 
Compound 82 was synthesised using a modified literature method.276 To a stirring 
solution of [Ru(116-p-cymene)Chh (300 mg, 0.490 rnmol) in CH2Ch (20 mt) at rt was 
added sodium oxalate (66 mg, 0.49 mmol) in H20 (5 ml). The resulting biphasic 
mixture was stirred vigorously for 4 h, producing a red to yellow colour change. The 
309 
Chapter 6 
organic layer was separated and the aqueous layer was extracted with CH2Ch (3 x 10 
ml). The organic extracts were combined, dried (Nal S04), filtered and evaporated to 
dryness to produce an orange solid (280 mg, 91 %). The sample was observed to 
decompose at temperatures in excess of 230 QC. 
IR umax(KBr)!cm·1 3057 (Ar C-H), 2963, 2918 and 2870 (sp3C-H), 1613 (COl-), 1472, 
1383 and 1338 (sp3C-H), 880 and 802 (Ar C-H). 
IH NMR (250 MHz, CDCb) 8 5.57 (2H, d, J 6.0 Hz), 5.34 (2H, d, J 6.2 Hz), 2.88 
(lH, sept, J 7.1 Hz), 2.23 (3H, s), 1.32 (6H, d, J 6.9 Hz). 
Analysis calculated for CllHz804RulCh: C, 41.98; H, 4.48. Found: C, 42.32; H, 4.22 
%. 
83 I {Ru( r/ -p-cymene)}z(oxalate)(PPh3hIIBF4h 
To a stirring solution of (Ru(7l-p-cymene»l(oxalate)Cll 82 (30 mg, 0.048 mrnol) in 
acetone (10 ml) at rt under Nz was added AgBF4 (19 mg, 0.098 mrnol, 2 eq). After 
stirring for 18 h, the AgCI precipitate was removed by filtration through a pad of 
cellite and PPh3 (25 mg, 0.095 mmol, 2 eq) was added to the resulting yellow 
solution. After stirring for a further 6 h at rt, the yellow-orange solution was 
evaporated to dryness, yielding an orange solid (51 mg, 91 %). The sample was 
observed to decompose at temperatures in excess of230 QC. 
X-ray quality crystals of 83 were grown by the vapour diffusion of EtlO into a 
MeOHlCHzCh solution of83. 
IR umax(KBr)!cm·1 3077 and 3062 (Ar C-H), 2967, 2926 and 2863 (spJC-H), 1621 
(COl")' 1482, 1471 and 1438 (siC-H), 1082 and 1060 (BF4-), 910,862,754,698 (Ar 
C-H), 531, 509 and 488. 
841{Ru(r/-p-cymene)}z(oxalate)(3-HpycahIIBF4h 
To a stirring solution of (RU(7{p-cymene»l(oxalate)Ch 82 (70 mg, 0.11 mrnol) in 
acetone (10 ml) at rt under Nz was added AgBF4 (43 mg, 0.22 mmol, 2 eq). After 
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stirring for 2 h, the AgCI precipitate was removed by filtration through a pad of cellite 
and 3-Hpyca (27 mg, 0.22 mmol, 2 eq) was added to the resulting yellow solution. 
After stirring for a further 6 h at rt, the yellow-orange solution was evaporated to 
dryness, yielding an orange solid (71 mg, mp 164-168 0C). Attempts to produce X-ray 
quality crystals failed. 
IR umax(KBr)/cm·1 3081 (Ar C-H), 2968, 2923 and 2871 (Sp3C_H), 1725 and 1701 
(C=O, C02H), 1629 (C02-), 1472, 1429, 1389 and 1342 (sp3C-H), 1282 (C-O, C02H), 
1086 and 1059 (BF 4-), 884, 804, 751, 693 and 668 (Ar C-H). 
mlz 682 (M+-3-Hpyca), 560 (M+-2(3-Hpyca)). 
85 [{Ru(Tl-p-cymene)h(oxalate)(4-HpycahIlBF4h 
To a stirring solution of (Ru(176-p-cymene)Moxalate)Ch 82 (75 mg, 0.12 mmol) in 
acetone (10 ml) at rt under N2 was added AgBF4 (46 mg, 0.24 mmol, 2 eq). After 
stirring for 6 h, the AgCI precipitate was removed by filtration through a pad of cellite 
and 4-Hpyca (29 mg, 0.24 mmol, 2 eq) was added to the resulting yellow solution. 
After stirring for a further 18 h at rt, the yellow-orange solution was evaporated to 
dryness, yielding a yellow solid (95 mg). The sample was observed to decompose at 
temperatures in excess of230 °C. Attempts to produce X-ray quality crystals failed. 
IR umax(KBr)/cm-1 3081 (Ar C-H), 2970, 2935 and 2863 (sp3C-H), 1733 (C=O, 
C02H), 1627 (C02-), 1558 (Ar C=N), 1474, 1421, 1391, 1340 and 1327 (sp3C-H), 
1294 (C-O, C02H), 1123 and 1056 (BF4), 862, 805, 769, 697, 673, 636 and 615 (Ar 
C-H). 
mlz 682 (~-4-Hpyca), 560 (~-2(4-Hpyca)). 
86 [{Ru(176-p-cymene)h(oxalate)(3,5-H2Pydca)2I1BF4h (intended product) 
87 Ru( 176 -p-cymene)( oxalate )(3,5-H2pydca) (actual product) 
To a stirring solution of (Ru(176-p-cymene)Moxalate)Ch 82 (75 mg, 0.12 mmol) in 
acetone (10 ml) at rt under N2 was added AgBF4 (46 mg, 0.24 mmol, 2 eq). After 
stirring for 6 h, the AgC) precipitate was removed by filtration through a pad of cellite 
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and 3,5-H2Pydca (40 mg, 0.24 mmol, 2 eq) was added to the resulting yellow solution. 
After stirring for a further 18 h at rt, the yellow-orange solution was evaporated to 
dryness, yielding an orange solid which was dissolved in MeOH. One X-ray quality 
crystal was grown by allowing the methanolic solution to evaporate slowly at rt. 
Structural determination showed the crystal to be the compound Ru( 1]6 -p-
cymene)(oxalate)(3,5-H2pydca) 87. 
88 [{Ru( 1]6 -p-cymene )(2-pyca) h( 4,4' -bipyridine)][BF 412 (proposed formula) 
To a stirring solution of RU(1]6-p-cymene)(2-pyca)Cl 41 (200 mg, 0.509 mmol) in 
acetone at rt was added AgBF4 (99 mg, 0.51 mmol). After stirring for 2 h, the AgCl 
precipitate was removed by filtration through a pad of cellite and 4,4' -bipyridine (40 
mg, 0.26 mmol) was added. The yellow solution quickly became red. After refluxing 
for 48 h, the solution was reduced in volume and E120 added to precipitate a deep red 
solid (220 mg, mp 180-184 0c). Attempts to produce X-ray quality crystals failed. 
mlz 735 (M'-1]6_p-cymene), 514 (M'-{Ru(1]6_p-cymene)(2-pyca)}). Acc. Mass for 
[RUC26H26N302t (M+-{Ru(1]6-p-cymene)(2-pyca)}) 514.10771, requires 514.10684. 
6.7.2. Crystallographic Experimental 
Data for all compounds were collected using a Bruker AXS SMART 1000 CCD 
diffractometer using graphite-monochromated Mo-K., (A. = 0.7\073 A) radiation. All 
structures were solved by Patterson synthesis. All structures were refined by full-
matrix least-squares methods on F-, producing CIF files which have been checked 
using the IUCr CheckCif routines. 
All H atoms were placed in geometrically calculated positions and were refined using 
a riding model (aryl C-H 0.95 A, methyl C-H 0.98 A, methine C-H 1.00 A, O-H 0.84 
A). The unique BF4- anion in compound 83 was modelled as disordered over two sets 
of positions bearing one coincident B-F bond and restraints were applied to the 
anisotropic displacement parameters of the boron and fluorine atoms. 
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